For  Reference 


NOT  TO  BE  TAKEN  FROM  THIS  ROOM 


(3x  MBB1S 

CftWMKifflS 

MBBtaBlIISM 


University  of  Alberta 
Printing  Department 


1166  ( F) 

2>xD 


THE  UNIVERSITY  OF  ALBERTA 

PREPARATION  AND  PROPERTIES  OF  ENZYME 
POWDERS  FOR  ETHYLENE  SYNTHESIS 


by 

JOHN  EVELEIGH  THOMPSON 


A  THESIS 

SUBMITTED  TO  THE  FACULTY  OF  GRADUATE  STUDIES 
IN  PARTIAL  FULFILMENT  OF  THE  REQUIREMENTS  FOR  THE 
DEGREE  OF  DOCTOR  OF  PHILOSOPHY 


DEPARTMENT  OF  PLANT  SCIENCE 


EDMONTON ,  ALBERTA 


AUGUST  1966 


wagsMDN*!  uava  m  31, 


k\  yt  •  rr  or  /  r  in 


HO  fc  V  *»a:v .  OV  /  •  ^  V”  "n.  'l  wA"  ■  •; 


a  >»©  sa*3  i 


i3K'.i:>£  :  i  ao  r  it  ia 


* 


UNIVERSITY  OF  ALBERTA 
FACULTY  OF  GRADUATE  STUDIES 


The  undersigned  certify  that  they  have  read,  and 
recommend  to  the  Faculty  of  Graduate  Studies  for 
acceptance,  a  thesis  entitled  "Preparation  and 
Properties  of  Enzyme  Powders  for  Ethylene  Synthesis" 
submitted  by  John  Eveleigh  Thompson  in  partial  fulfil¬ 
ment  of  the  requirements  for  the  degree  of  Doctor  of 


Philosophy. 


ABSTRACT 


Elucidation  of  a  biosynthetic  pathway  for  the  physiologically 
active  gas,  ethylene,  has  been  the  object  of  considerable  experimentation 
Many  studies  have  been  performed  with  intact  organisms,  tissue  slices  and 
more  recently,  subcellular  particulate  fractions.  In  an  effort  to  obtain 
a  simplified  system  for  such  pursuits,  the  present  investigation  was 
undertaken  with  the  objective  of  preparing  an  enzyme  powder  active  In 
ethylene  production. 

Ethylene  biogenesis  accompanies  maturation  and  aging  and  hence  a 
tissue  in  which  the  degree  of  senescence  could  be  relatively  easily 
assessed,  was  sought  as  a  source  for  the  enzyme  system.  Wax  bean  cotyle¬ 
dons,  the  short-lived  first  leaves  of  Phaseolus  vulgaris .  fulfilled  this 
requirement.  From  these,  and  also  from  wax  bean  seedlings  and  oat  seed¬ 
lings,  Avena  sativa,  enzyme  powders  capable  of  catalyzing  ethylene  pro¬ 
duction  in  the  presence  of  appropriate  substrates  and  cofactors  were 
obtained . 

For  preparation  of  the  powders,  a  tissue  homogenate  was  subjected 
to  differential  centrifugation,  and  the  fraction  isolated  at  35,000  g 
was  suspended  in  deionized  water  and  frozen  and  thawed  for  disruption  of 
particles.  Subsequent  ammonium  sulphate  precipitation  and  lyophiliza- 
tion  yielded  a  crude  enzyme  system.  Removal  of  lipids  and  subjection  of 
the  remaining  residue  to  ammonium  sulphate  fractionation  resulted  in  the 
preparation  of  a  partially  purified  enzyme  powder  that  was  able  to  cata¬ 
lyze  ethylene  formation. 

^-alanine,  together  with  pyridoxal  phosphate  and  ferric  ion  for 
transamination  and  thiamine  pyrophosphate  and  magnesium  ion  for  decarboxy 
lation,  when  added  to  the  enzyme  powder  with  ATP,  yielded  ethylene.  When 
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^-alanine - 2 -^C  was  added  to  a  complete  reaction  mixture,  radioactive 
ethylene  was  obtained.  Intermediates  arising  from  this  conversion  were 
isolated  and  identified  by  paper  and  thin  layer  chromatography. 

Non-enzymatic  production  of  the  volatile  by  a  heat-catalyzed  Snell 
reaction  among  ^-alanine,  pyridoxal  hydrochloride  and  cupric  ion  pro¬ 
vided  further  evidence  for  ^-alanine  as  a  precursor  of  ethylene. 

Substrate,  cofactor  and  radioactive  tracer  studies  were  all 
consistent  with  a  pathway  for  ethylene  synthesis  that  involves  conversion 
by  a  transaminase  of  j?-alanine  to  malonic  semialdehyde,  and  thence  trans¬ 
formation  through  #-hydroxypropionic  acid  and  acrylic  acid  to  ethylene. 
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Chapter  I 


INTRODUCTION 

The  diversity  of  organisms  producing  ethylene  is  striking. 
Ripening  fruits  were  among  the  first  tissues  found  to  evolve  the  gas; 
in  1934  ethylene  was  chemically  identified  as  an  emanation  from  ripen¬ 
ing  apples  (1).  Now  it  is  known  that  a  multitude  of  fruits  produce  the 
volatile.  For  example,  some  recent  studies  on  ethylene  include  work 
done  with  avocado  (2), (3),  cantaloupe  (4), (5),  pineapple  (6),  mangoes 
(7),  bananas  (8),  tomatoes  (9),  honeydew  melons  (10),  and  citrus  fruit 
(11).  Quantities  of  ethylene  evolved  by  fruits  range  from  0.05  pi  per 
Kgm.  per  hr.  for  Valencia  oranges  to  350  for  passion  fruit  (12), (13). 

Penicillium  digitatum,  a  fungus  that  is  the  common  green  mold 
of  citrus  fruit,  is  also  a  high  producer  of  ethylene  (14) , (15) , (16) . 

Other  fungi  known  to  give  off  the  gas  are  Alternaria  citri  (17), 
Blastomyces  dermatididis  (18),  and  Fusarium  oxysporum  (19).  In  addition 
the  bacterium  Pseudomonas  solancearum  has  been  found  to  yield  ethylene 
in  substantial  quantities  (20)  . 

That  ethylene  is  evolved  from  intact  plants  is  substantiated 
by  its  presence  in  the  volatile  emanations  from  cotton  plants  (21) , 
castor  bean  seedlings  (22),  oat  seedlings  (23),  and  pea  seedlings  (24). 
The  gas  has  been  obtained  from  flowers  (13),  leaves  (25),  and  pea 
epicotyls  (26),  indicating  that  some  parts  of  plants  are  producers  of  the 
volatile  as  well.  It  has  been  suggested  that  all  parts  of  plants  may 
form  ethylene. 

Recent  investigation  has  shown  that  ethylene  is  produced  by 
animal  tissue.  Chandra  and  Spencer  (27)  observed  the  olefin  to  be  an 
emanation  from  subcellular  particles  of  rat  liver  and  rat  intestinal 
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mucosa.  Later,  subcellular  particles  from  beef  heart  were  also  found  to 
be  producers  of  the  gas  (28).  Moreover,  ethylene  was  detected  as  a  compon¬ 
ent  of  the  exhaled  respiratory  gases  of  the  human  species  at  up  to  10  parts 
per  10  (29).  Collections  of  the  exhaled  respiratory  volatiles  of  rats 
also  revealed  the  presence  of  ethylene  (30).  Evidence  does  indeed  indicate 
that  ethylene  genesis  is  a  general  phenomenon  of  life. 

It  is  apparent  that  ethylene  evolution  accompanies  maturation  and 
aging  of  tissues.  Studies  with  ripening  tomatoes  indicated  increased 
ethylene  evolution  (31)  accompanying  a  peak  in  carbon  dioxide  production; 
the  latter  constituted  the  climacteric  respiratory  rise.  A  peak  in  ethyl¬ 
ene  production  and  the  climacteric  rise  are  characteristic  of  many  fruits 
during  ripening.  It  is  interesting  that  with  the  onset  of  climacteric 
behaviour,  fruit  tissues  showed  marked  signs  of  deterioration.  For 
example,  a  substantial  increase  in  the  rate  of  endogenous  solute  leakage 
was  observed  at  the  onset  of  climacteric  respiration  in  ripening  banana 
and  avocado  tissue  (32,(33).  Further,  the  rate  of  leakage  increased 
progressively  in  accordance  with  the  respiratory  rise.  Such  losses  of 
permeability  barriers  could  reflect  alterations  in  compartmentalization 
that  affect  relationships  between  enzymes  and  substrates  responsible  for 
ethylene  production.  Inasmuch  as  increased  permeability  accompanies 
senescence,  the  former  may  account  for  the  association  of  ethylene  evolu¬ 
tion  with  aging  of  tissue.  The  connection  between  senescence  and  ethyl¬ 
ene  production  is  prevalent  in  tissue  other  than  ripening  fruit,  for 
Akamine  (34)  obtained  a  peak  in  ethylene  production  (3400  jA  per  Kgm  of 
tissue  per  hour)  from  Vanda  Orchid  blossoms  when  97  percent  of  the 
blossoms  had  faded. 

Tissues  in  a  diseased  condition,  which  simulates  senescence  of 
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tissue  to  the  extent  that  there  is  a  structural  breakdown,  produce  sub¬ 
stantial  quantities  of  ethylene.  Introduction  of  M-l  Sarcoma  under  the 
skin  of  rats  caused  increased  ethylene  production  during  the  initial 
pqriod  of  tumour  development  (30).  Smith,  Meigh  and  Parker  (35)  observed 
increased  ethylene  evolution  by  carnations  infected  with  spores  of 
Botrvtis .  Damage  to  plant  tissues  appears  to  be  instrumental  in  raising 
the  rate  of  production  of  ethylene,  and  in  this  instance  increased  pro¬ 
duction  probably  reflected  a  breakdown  by  the  invading  organism  of  host 
tissues.  Dissection  of  cantaloupe  caused  increased  respiration  and 
ethylene  emanation  (36) ;  accelerated  evolution  of  the  volatile  may  have 
been  a  result  of  wounding  incurred  by  the  tissue. 

Application  of  phenoxyacetic  compounds  to  bean  petiole  explants 
promoted  leaf  abscission  and  also  augmented  ethylene  production  (37). 

It  has  been  suggested  (37)  that  endogenous  ethylene  may  play  a  role  in 
abscission  processes.  Sub-lethal  concentrations  of  both  2,4-D  and 
indole  acetic  acid  accelerated  evolution  of  ethylene  by  the  cotton  plant 
(38). 

Some  interesting  studies  have  been  carried  out  to  assess  the 
effects  of  gamma  irradiation  of  tissue  on  ethylene  production.  Young  (3) 
detected  increased  respiration  and  ethylene  yield  when  avocado  tissue 
was  exposed  to  cobalt-60  gamma  rays  for  100  minutes.  Only  preclimacteric 
fruit  responded.  It  was  suggested  that  climacteric  tissue  had  possibly 
attained  by  natural  aging  the  condition  induced  in  preclimacteric  fruit 
by  irradiation.  Similar  increases  in  ethylene  yields  were  obtained  by 
gamma  irradiation  of  lemons  (11)  and  pea  epicotyl  tissue  (26).  The 
boost  in  ethylene  production  on  irradiation  of  tissue  could  reflect  some 
changes  in  enzyme -substrate  relationships  normally  caused  by  aging,  or  the 
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ethylene  may  be  an  artifact  caused  by  the  direct  action  of  ionizing 
radiation  on  components  of  the  tissue.  Gamma  irradiation  of  pea  epicotyl 
tissue  in  a  nitrogen  atmosphere  failed  to  stimulate  ethylene  evolution 
(26). 

It  is  significant  that  the  need  for  aging  is  extended  to  ethylene 
production  on  a  subcellular  level.  Like  intact  fruit,  isolated  subcellu- 
lar  particles  required  partial  disintegration  before  the  ethylene-produc¬ 
ing  mechanism  was  stimulated,  although  the  intact  mitochondria  did  produce 
small  amounts  of  the  volatile.  Simple  aging  of  the  subcellular  fraction 
or  sonication  were  effective  as  a  means  of  disintegration  for  accelerated 
ethylene  production  (39) . 

Although  ethylene  may  simply  be  a  byproduct  of  aging,  the  fact 
that  application  of  minute  quantities  of  the  volatile,  of  the  order  of 
1  p.p.m.  ,  to  fruits  will  stimulate  climacteric  (40)  and  nonclimacteric 
(17)  respiration  and  induce  ripening  (41),  suggests  a  more  significant 

connection  between  the  two  phenomena.  It  is  interesting  to  speculate 

* 

that  ethylene  may  in  some  way  spark  the  aging  process.  Perhaps  eluci¬ 
dation  of  a  biosynthetic  pathway  for  the  volatile  coupled  with  a  know¬ 
ledge  of  the  mechanisms  underlying  its  many  effects,  may  give  rise  to  a 
greater  understanding  of  the  aging  process.  As  well,  ethylene  has 
economic  importance  for  the  fruit  industry  in  view  of  its  capacity  to 
hasten  ripening. 

1.  Biological  Effects  of  Ethylene 

Ethylene  exhibits  a  wide  variety  of  biological  effects.  Among 
the  more  interesting  of  these  is  its  capacity  to  accelerate  the  onset 
of  the  climacteric  respiratory  rise  (40)  and  induce  fruit  ripening  (41) . 
Ethylene  has  been  denoted  as  a  "ripening  hormone"  by  some  (42) ,  (43) . 
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It  has  also  been  found  to  hasten  the  latter  stages  of  maturity  of  some 
dried  fruits.  For  example,  its  application  will  promote  loosening  of 
hulls  of  pecans  (44)  and  walnuts  (45).  Studies  with  honeydew  melons  (10) 
have  indicated  that  ethylene  may  be  part  of  a  mechanism  triggering  the 
climacteric  respiratory  rise  and  possibly  ripening.  This  theory  is 
supported  by  other  research  (46)  in  which  ethylene  was  applied  at  1000 
ppm  to  fruits  harvested  at  a  mature-green  stage  and  stored  at  20°C; 
those  treated  ripened  earlier  and  more  uniformly  than  those  not  treated. 

It  later  became  apparent  (4)  that  fruit  must  acquire  a  certain 
minimum  stage  of  development  before  responding  characteristically  to 
applied  ethylene.  In  fruits  that  had  completed  one  half  of  their 
growth  prior  to  ethylene  treatment,  the  induced  climacteric  closely 
resembled  the  natural  climacteric.  When  fruits  were  treated  at  a  younger 
stage  however,  climacteric  behaviour  was  induced  only  after  a  time  lag 
and  ripening  appeared  late  and  was  often  ill  defined.  The  magnitude  of 
the  induced  climacteric  in  fruits  having  completed  more  than  one  half 
their  growth,  can  be  up  to  50  percent  greater  than  that  occurring  natur¬ 
ally,  but  the  total  respiratory  increases  in  both  instances  are  similar. 
If  ethylene  is  the  causative  agent,  it  is  reasonable  to  attribute  this 
greater  magnitude  in  the  case  of  treated  fruit  to  a  simultaneous  stimula¬ 
tion  of  all  cells.  A  gradual  stimulation  of  cells,  effected  by  endogenou 
ethylene,  would  probably  occur  during  a  natural  climacteric  rise,  since 
many  fruits,  for  example  cantaloupe,  ripen  from  the  inside  out.  Again, 
if  ethylene  is  the  causative  agent,  the  required  minimal  stage  of  develop 
ment  for  response  to  the  inducing  effects  of  the  volatile  may  reflect  a 
certain  minimal  level  of  endogenous  ethylene  and  thereby  indicate  changes 
in  metabolism  that  allow  such  an  accumulation.  It  is  significant  in  this 
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respect  that  some  ethylene  has  been  found  present  in  immature  cantaloupe 
fruits  (5) .  In  fact  Burg  (7)  has  reported  the  presence  of  ethylene  in 
several  fruits  prior  to  the  climacteric  stage.  Also  pertinent  is  the 
observation  that  tissue  slices  from  cantaloupe  fruit  harvested  30  days 
after  anthesis  produced  ethylene  much  faster  than  did  those  from  fruit 
harvested  15  to  20  days  after  anthesis  (36) .  During  70  -  93  percent  of 
total  tomato  fruit  growth,  ethylene  production  increased  only  10  fold, 
but  during  ripening  it  increased  35  fold  (47). 

It  has  been  calculated  that  the  internal  ethylene  concentration 
in  some  fruits  prior  to  commencement  of  climacteric  respiration  is  well 
in  excess  of  0.1  ppm  (41),  which  is  the  average  minimum  necessary  to 
stimulate  fruit  ripening.  Burg  and  Burg  (7)  found  that  application  of 
ethylene  to  mangoes  hastened  ripening  even  after  climacteric  respiration 
had  begun.  These  workers  have  in  addition  shown  that  the  response  of 
some  fruits  to  ethylene  is  apparently  related  to  the  logarithm  of  the 
internal  ethylene  concentration  (7). 

In  consideration  of  the  association  of  ethylene  evolution  with 
climacteric  respiration,  it  may  be  significant  that  application  of  solu¬ 
tions  of  the  volatile  to  mitochondria  isolated  from  rat  liver  and  cauli¬ 
flower  buds  increased  the  rate  of  swelling  (48).  Olson  and  Spencer  (49) 
have  observed  an  increased  uptake  of  nucleotides  by  mitochondria  from  wax 
bean  cotyledons  in  the  presence  of  ethylene.  Such  evidence  implicates 
that  ethylene  may  achieve  its  effects  through  alteration  of  membrane 
permeability. 

When  freshly  harvested  high  moisture  wheat  was  treated  with  100 
ppm  of  ethylene,  production  of  carbon  dioxide  increased  (50).  In  addition 
the  percentage  germination  of  treated  samples  was  superior  to  untreated. 
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Ethylene  has  also  been  effective  in  securing  germination  of  seeds  of 
buck  thorn,  high  bush  cranberry,  honeysuckle  and  snow  berry  (51). 

Similarities  exist  between  the  effects  of  ethylene  and  auxins  on 
plants.  There  is  evidence  for  a  synergistic  effect  of  auxin  and  ethylene 
causing  increased  shoot  length  (52) ,  and  moreover  the  fact  that  auxin 
stimulated  ethylene  production  from  roots,  stems  and  leaves  of  different 
genera  (53)  suggests  that  the  level  of  auxin  regulates  the  production  of 
ethylene.  It  has  been  proposed  that  since  application  of  certain  auxins 
will  induce  leaf  abscission  (37) ,  consequent  increased  ethylene  evolution 
constitutes  a  mechanism  for  abscission.  Further,  in  view  of  the  inhibi¬ 
tion  by  actinomycin  and  puromycin  of  auxin- s timula ted  ethylene  production 
it  has  been  postulated  that  the  mechanism  of  action  of  growth  substances 
constitutes  activation  of  enzymes  involved  in  ethylene  biosynthesis  (54) . 

Ethylene  exhibits  a  host  of  additional  effects;  many  of  them  are 
outlined  by  Jansen  (12) .  Included  is  a  triple  response  to  the  volatile 
by  some  plants  such  as  etiolated  pea  seedlings;  the  response  consists  of 
leaf  epinasty,  swelling  of  the  stem  and  inhibition  of  extensive  growth. 
These  effects  of  the  volatile  were  used  as  bioassays  before  the  advent  of 
more  sensitive  techniques.  That  ethylene  will  serve  as  an  anaesthetic 
(55),  further  demonstrates  the  diversity  of  its  effects. 

2.  Biosynthesis  of  Ethylene 

Considerable  effort  is  being  directed  towards  elucidation  of  a 
biosynthetic  pathway  for  ethylene.  Perhaps  one  of  the  more  significant 
facts  implicating  production  of  the  volatile  to  be  enzymatic  is  the 
sensitivity  of  the  ethylene-producing  mechanism  to  temperature  changes. 
Craft  (56)  found  that  ethylene  production  by  cubes  of  tomato  tissue  was 
maximal  at  33°C,  retarded  at  40°C  and  higher  than  at  40°C  when  the  temper 
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ature  was  lowered  to  30°C.  Boiling  inactivated  the  ethylene-producing 
system  in  a  subcellular  fraction  from  tomatoes  (57).  As  well,  the  sub- 
cellular  fraction  yielded  less  ethylene  at  40°C  and  50°C  relative  to 
controls  at  25°C.  Inactivation  of  the  ethylene-producing  system  at  100°C 
and  decreased  activity  at  40°C  and  50°C  are  consistent  with  the  usual 
behaviour  of  enzymes . 

(a)  Pathway  Studies  with  Tissue  Slices  and  Intact  Organisms 

Many  of  the  studies  on  the  pathway  have  been  conducted  with  intact 
organisms  or  tissue  slices.  Such  exploration  has  incorporated  experiments 
with  inhibitors  and  labeled  and  unlabeled  substrates. 

(i)  Inhibitors 

Inhibitor  studies  on  ethylene  production  by  apple  tissue  plugs 
were  conducted  by  Burg  and  Thimann  (58).  Effective  inhibitors  included 
2,4  dinitrophenol ,  fluoride,  iodoacetamide ,  arsenite,  f luoroacetate  and 
sodium  bisulfite.  Spencer  (59)  also  found  inhibition  of  ethylene  produc¬ 
tion  by  intact  tomato  fruit  on  introduction  of  2,4  dinitrophenol.  Since 
the  dinitrophenol  uncouples  phosphorylation  from  respiration  it  is 
apparent  that  phosphorylation  or  a  preformed  source  of  energy  is  required 
for  ethylene  production.  The  data  from  experiments  with  apple  plugs  also 
indicate  that  sulfhydryl  groups  may  be  involved  in  biosynthesis  of  the 
volatile . 

(ii)  Substrates 

Some  early  exploration  with  substrates  included  experiments  in 
which  apple  plugs  were  soaked  in  radioactive  solution  for  one  hour  (60) . 
Administration  of  glycerol-l(2) (3) -1^C  did  not  result  in  labeled  ethylene, 
yet  glycerol- treated  tissue  produced  ethylene  at  250  percent  the  rate  of 
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water-soaked  controls.  Burg  suggested  that  the  boost  in  production  arose 
from  an  osmotic  effect  of  glycerol.  Injection  of  uniformly  labeled 
sucrose-^C  into  the  ovary  of  whole  apples  allowed  the  formation  of  radio¬ 
active  ethylene,  whereas  acetate-1- was  less  effective  in  this  respect 
(60).  Since  no  radioactive  ethylene  was  obtained  from  metabolism  of 
evenly  labeled  tyrosine-^C  by  apple  tissue  slices,  it  was  speculated 
that  ethylene  was  not  derived  from  aromatic  compounds  originating  from 
sugars  (60) . 

The  6-carbon  of  glucose  was  more  effective  than  the  other  carbons 
in  labeling  ethylene  in  apple  tissue  slices  (61).  Experimentation  with 
labeled  substrates  and  Penicillium  digitatum  also  demonstrated  a  higher 
specific  activity  of  ethylene  from  metabolism  of  glucose-6-^C  than  from 
glucose  labeled  in  the  other  carbon  positions  (62).  The  results  indicated 
that  pyruvate  underwent  decarboxylation  to  acetyl-CoA  before  being  incor¬ 
porated  into  the  ethylene  molecule.  A  further  suggestion  was  that  ethylene 
originated  from  the  middle  carbon  atoms  of  fumarate. 

Some  other  experiments  by  Burg  and  Burg  (63)  with  apple  tissue 

14  14 

slices  incubated  in  medium  containing  pyruvate-2-  C  and  acetate-1-  C 
indicated  decarboxylation  of  pyruvate  and  metabolism  of  acetate  to  ethyl¬ 
ene.  They  speculated  that  carbons  1  and  2  of  acetate  formed  ethylene  as 
a  unit  since  during  the  first  80  minutes  after  administration  of  the 
isotopes,  carbons  2  and  3  of  pyruvate  and  1  and  2  of  acetate  were  equally 
effective  in  forming  ethylene.  At  the  end  of  200  minutes,  however,  the 

specific  activity  of  ethylene  arising  from  metabolism  of  acetate-2-^C  in 

14 

their  system  was  considerably  higher  than  that  from  acetate-1-  C.  This 
in  turn  suggests  that  the  carboxyl  carbon  of  acetate  is  not  always  incor¬ 
porated  into  the  ethylene  molecule.  If  ethylene  arises  from  glucose 
through  triose  phosphate,  carbon  6  of  glucose  becomes  carbon-2  of  acetate. 
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which  in  light  of  the  above  evidence  would  account  for  its  relatively 
greater  capacity  to  label  ethylene.  This  does  not,  however,  explain  the 
nearly  equal  contributions  of  carbons  1  and  2  of  glucose  to  the  ethylene 
label  (63) .  It  was  later  proposed  (64)  that  conversion  of  glucose  to  tri- 
ose  by  both  glycolysis  and  direct  oxidation  would  account  for  the  prefer¬ 
ential  incorporation  into  ethylene  of  carbons  5  and  6  relative  to  carbons 
1  and  2  of  glucose,  since  direct  oxidation  would  utilize  carbons  4,  5 
and  6  exclusively. 

Burg  suggested  the  involvement  of  the  tricarboxylic  acid  cycle  in 
ethylene  genesis  (63),  surmising  as  did  Wang,  Persyn  and  Krackov  (62), 
that  the  volatile  could  have  been  derived  from  carbons  2  and  3  of  fumarate. 
Such  conjecture  is  not  consistent  with  a  recent  publication  (65)  stating 
on  the  basis  of  rate  experiments  with  labeled  substrates  that  intermedi¬ 
ates  of  the  tricarboxylic  acid  cycle  are,  rather,  converted  to  acetate 
through  pyruvate  and  then  proceed  to  ethylene  by  another  pathway.  More¬ 
over,  Phan-Chan-Ton  (66)  found  that  glucose  served  as  a  satisfactory 
substrate  for  ethylene  and  that  malate  did  not  appear  to  be  a  component 
of  the  direct  synthetic  route  from  glucose  to  ethylene. 

Gibson  (67)  noted  that  substrates  malate,  citrate  and  pyruvate 
were  better  promoters  of  ethylene  production  by  Penicillium  digitatum 
than  were  glucose  and  mannitol.  Wang  and  coworkers  (68)  on  the  basis  of 
label  studies  with  the  same  fungus  suggested  that  ethylene  is  synthesized 
according  to  the  following  pathway: 

succinate  — >  fumarate  — >  malate  — >  acrylate  >  ethylene  +  C02 

These  results  are  in  contrast  to  the  data  of  Spalding  and  Liebermann  (69) 
who  found  that  0.1  M  glucose  was  more  effective  as  a  substrate  for  pro¬ 
duction  of  the  volatile  by  Penicillium  digitatum  than  0.1  M  malate, 
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pyruvate  or  citrate.  Jacobsen  and  Wang  (70)  reported  that  in  Penicillium 
digitatum,  acryla te-2(3) -^C  was  readily  incorporated  into  the  ethylene 
molecule,  but  that  acrylate-l-^C  was  not.  This  suggests  a  decarboxylation 
of  acrylic  acid  to  ethylene.  Label  studies  with  serine  gave  evidence  for 
a  high  conversion  efficiency  of  serine-3- to  ethylene  by  Penicillium 
digitatum  (16).  Such  data  ties  in  with  the  previously  discussed  (page  9) 
relatively  high  incorporation  of  acetate-2-^C  into  the  ethylene  molecule. 

(iii)  Radioactive  Ethylene 

3  14 

By  application  of  ethylene-  H  and  ethylene-  C  to  intact  green 
avocada  fruit  (2), (71),  Jansen  attempted  to  trace  in  reverse  the  pathway 
for  ethylene  biosynthesis.  The  data  indicated  that  more  tritium  than 
carbon-14  was  incorporated  into  toluene  and  benzene,  suggesting  that  the 
hydrogen  of  ethylene  is  removed  and  metabolized  by  a  different  route 
from  the  carbon.  Potential  polymerization  of  the  highly  radioactive 
ethylene  (40  me  per  mmole)  was  avoided  prior  to  experimentation  by  stor¬ 
age  in  dry  ice,  but  thereafter  this  possibility  remained;  the  exposures 
of  avocados  were  of  4  hours  duration. 

(iv)  Non-Enzymatic  Models  for  In  Vivo  Production  of  Ethylene 

A  non-enzymatic  system  for  ethylene  production,  composed  of 

peroxidized  linolenic  acid  reacting  with  cuprous  ion  in  acetate  buffer 
has  been  presented  as  a  model  system  for  jLn  vivo  production  of  the  vola¬ 
tile  in  apple  tissue  (72).  Ethylene  production  by  apple  tissue  slices 
was  inhibited  by  diethy ldithiocarbama te  but  not  by  ethylenediaminetetra- 
cetic  acid.  The  authors  therefore  suggested  that  cytoplasmic  particles, 
lipoxidase  and  a  copper  enzyme  may  form  a  system  for  Ln  vivo  production 
of  ethylene.  Pertinent  to  this  speculation  though,  is  the  fact  that 
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dialkyldithio  compounds  are  known  to  complex  with  other  metal  ions 
besides  copper  ion  (73).  It  is  interesting  in  view  of  this  model  system 
that  lipoxidase  activity  in  apple  peel  tissue  was  found  to  increase  during 
the  climacteric  stage  of  development  (42).  Moreover,  this  increased 
activity  corresponded  quite  closely  to  the  ethylene  rise  characterictic 
of  this  developmental  stage.  Ethylene  production  has  been  found  to  be 
higher  from  the  peel  of  apple  than  from  the  pulp  tissue  (42). 

It  is  pertinent  to  these  thoughts  that  some  evidence  disfavours 
linolenic  acid  as  an  ethylene  precursor.  Peroxidation  of  linolenate 
must  occur  prior  to  ethylene  formation  and  it  is  questionable  whether 
fatty  acid  peroxides  exist  in  normal  tissues  in  view  of  the  suscepti¬ 
bility  of  enzymes  to  damage  from  peroxides  (74).  As  well,  if  linolenic 
acid  is  a  precursor  of  ethylene,  production  of  the  volatile  by  apple 
tissue  slices  is  very  inefficient  relative  to  the  high  free  linolenic 
acid  levels  present  (74). 

Ethylene  was  also  formed  in  a  model  system  involving  a  cuprous- 
catalyzed  breakdown  of  methionine  in  the  presence  of  hydrogen  peroxide 
(75).  Added  methionine  augmented  ethylene  production  in  apple  tissue 
slices  (76)  and  production  was  inhibited  by  diethyldithiocarbama te . 

(v)  Ethylene  Production  in  relation  to  the  Glyoxylate  Pathway 

Spencer  and  Olson  (22)  have  reported  that  the  biogenesis  of 
ethylene  does  not  appear  to  be  promoted  by  functioning  of  the  glyoxylate 
pathway.  This  is  in  agreement  with  the  fact  that  ethylene  production 
has  been  demonstrated  in  animal  tissues  (27) ,  (28) ,  in  which  the  glyoxy¬ 
late  cycle  is  apparently  inoperative. 


)0J  IM«.  «1<PM  0J  W»  *■"*•*  ■ 

■ 


,M  U  U  •  .*  .  ».  •  >  •  .  ^..*1  •JiWrt'OJ  o 

,.  ...  I  .  »  ■  o  H  .  •«»'■  '  *  '■  ' 


. 


' 


l  »*»  Halto-t.l  ,«S)  .(«)  •**•»*»  <U  l>M*W*a'.*»b  "**-  *’•' 


13 


(b)  Pathway  Studies  with  Subcellular  Systems 

(i)  Subcellular  Particles 

Other  studies  on  the  biosynthesis  of  ethylene  have  been  carried 
out  using  subcellular  systems.  Spencer  (77)  first  reported  that  mito¬ 
chondria  from  tomatoes  produced  ethylene.  This  discovery  was  later  con¬ 
firmed  when  it  was  found  that  mitochondria  from  rat  liver,  rat  intestinal 
mucosa  (27)  and  beef  heart  (28)  also  produced  ethylene. 

The  use  of  subcellular  particles,  active  in  ethylene  production, 
constituted  a  step  forward  in  that  the  metabolic  complexity  of  the  system 
for  research  on  the  pathway  was  reduced.  Inhibitor  studies  (78),  (79), 
with  a  35,000  g  fraction,  largely  mitochondrial,  from  tomatoes  included 
the  effects  of  cyanide  at  10"^  M  and  arsenite  at  10~^  M.  The  former 
inhibited  production  of  the  volatile  implicating  the  involvement  of 
carboxyl  or  disulphide  groups  in  ethylene  biosynthesis.  Slight  inhibi¬ 
tion  by  arsenite  suggested  that  oxidative  decarboxylation  of  keto  acids 

_2 

was  not  directly  involved.  lodoacetamide  at  10  M  and  p-chloromercuri- 

/  2 
benzoate  at  10  M  decreased  ethylene  production.  Glutathione  at  10  M 

reversed  the  effect  caused  by  p-chloromercuribenzoate ,  signifying  a 

protective  action  on  vulnerable  sulfhydryl  groups.  Since  monofluoro- 
-3  -2 

acetate  at  10  M  and  malonate  at  10  M  did  not  significantly  inhibit 
production  of  the  volatile,  the  tricarboxylic  acid  cycle  is  probably  not 
directly  involved  in  ethylene  production.  Evolution  of  the  volatile  by 
the  same  fraction  was  considerably  inhibited  by  cycloserine  (79)  implica¬ 
ting  the  involvement  of  transaminases. 

Lieberman  and  Craft  (80)  prepared,  from  tomato  and  apple, subcellu¬ 
lar  particles  that  were  apparently  active  in  ethylene  production  in  the 
presence  of  thiomalic  and  thioglycolic  acids;  the  particles  were  isolated 
from  acidic  media.  This  work  was  later  disputed  however,  since  gas 
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chromatographic  analyses  indicated  that  the  volatile  from  the  acid 
particles  was  not  ethylene  (81). 

Evidence  has  been  reported  (82)  for  the  coupling  of  ethylene  genera¬ 
tion  to  reduced  NADP  and  pyrophosphate -dependent  peroxidation  of  lipids  in 
the  presence  of  cuprous  ions  in  rat  liver  microsomes .  This  again  suggests 
that  in  vivo  production  of  the  gas  may  be  geared  in  part  to  the  action  of 
a  copper-containing  enzyme  on  such  as  linolenic  acid,  but  pertinent  to 
such  a  consideration  are  the  previously  discussed  (page  12)  arguments 
against  linolenate  as  an  ethylene  precursor. 

Substrate  and  cofactor  studies  were  carried  out  on  a  subcellular 
fraction  from  tomatoes  (79).  Cofactors  found  to  stimulate  ethylene 
production  were  NADP,  pyridoxal  hydrochloride  and  thiamine  pyrophosphate 
and  magnesium  ion.  Substrates  causing  increased  production  of  the  vola¬ 
tile  included  ethanol,  propionic  acid,  aspartic  acid,  glutamic  acid,  X~ 
amino  butyric  acid,  ^-alanine  and  serine.  In  chapter  VI  of  this  thesis 
the  author  will  discuss  these  results  in  the  light  of  those  obtained 
with  substrate  studies  on  enzyme  powders. 

(ii)  Enzyme  Powder 

Abeles  and  Rubinstein  (24)  have  obtained  cell-free  ethylene 
evolution  from  etiolated  pea  seedlings.  Their  enzyme  system  was  not  pre¬ 
pared  from  a  subcellular  particulate  fraction,  but  rather  consisted  of 
the  supernatant  from  ammonium  sulphate  precipitation  of  a  tissue  homogen¬ 
ate  that  had  been  previously  centrifuged  at  12,000  g.  Chandra  and  Spencer 
(39)  have  shown  that  the  most  active  sites  for  ethylene  production  are 
the  subcellular  particles  obtained  at  35,000  g;  although  the  fraction  was 
composed  of  mitochondria  primarily,  it  probably  contained  some  microsomes 


as  well. 
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The  system  of  Abeles  and  Rubinstein  (24)  required  a  substrate  con¬ 
sisting  of  the  supernatant  from  an  acetone  precipitate  of  the  original 
crude  mixture.  Cofactors  ATP,  biotin,  CoASH,  thiamine  pyrophosphate,  NAD, 
NADH,  NADP,  FMN  and  FAD  had  either  no  effect  or  inhibited  production.  Also 
ethanol,  ethionine,  methionine,  glycine,  glycolic  acid,  ethane  and  acetyl- 
coenzyme  A  were  added  to  the  enzyme  system  in  the  presence  of  a  limiting 
amount  of  crude  substrate;  none  stimulated  production  of  the  volatile. 

(c)  yff-alanine  as  a  Precursor  for  Ethylene 

Studies  with  a  subcellular  fraction  from  tomatoes  indicated  that 
^-alanine  was  a  potential  precursor  for  ethylene  (79).  It  has  been  pro¬ 
posed  that  ^-alanine  is  metabolized  in  Pseudomonas  f luorescens  by  an 
initial  transamination  reaction  (83).  The  amino  acid  has  also  been  shown 
to  be  involved  in  propionic  acid  metabolism  in  Clostridium  propionicum 
(84),  animal  tissue  (85),  and  in  higher  plants  (86).  In  view  of  the 
association  of  ethylene  evolution  with  aging  of  tissue,  it  may  be  signifi¬ 
cant  that  ^-alanine  is  a  product  of  uracil  catabolism  and  hence,  possibly 
of  nucleic  acid  breakdown,  in  a  variety  of  tissues.  For  example,  catabo¬ 
lism  of  uracil  in  rat  liver  slices  occurs  according  to  the  following 
reaction  sequence  (87): 

uracil  — >  dihydrouracil  — ^  ^-ureidopropionic  acid  - >  alanine 

The  same  reaction  sequence  for  degradation  of  pyrimidines  apparently 
functions  in  Clostridium  uracilium  (88)  and  in  parasitic  flatworms  (89). 
More  recent  studies  have  implicated  the  same  mechanism  for  uracil  catabo¬ 
lism  in  pine  tissue  (90)  and  rye  seedlings  (91).  This  conversion  does 
then,  appear  to  provide  a  source  of  p- alanine  in  many,  if  not  all,  tissues 
More  detailed  work  has  indicated  that  in  rat  liver  the  reduction  of  uracil 
to  dihydrouracil  is  the  rate  limiting  step  in  catabolism  of  uracil  to 
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^-alanine  (92).  It  is  interesting  to  speculate  that  with  the  onset  of 
senescence  and  a  corresponding  boost  in  ethylene  evolution,  this  enzymatic 
conversion  would  no  longer  remain  rate  limiting,  thus  favouring  the  forma¬ 
tion  of  ^-alanine  and  possibly  ethylene. 

At  the  outset  of  this  investigation  it  was  apparent  that  it  would  be 
advantageous  to  obtain  a  system  as  biochemically  simple  as  possible,  cap¬ 
able  of  catalyzing  the  formation  of  ethylene  from  added  substrates.  Con¬ 
siderable  progress  in  this  direction  had  been  made  with  the  use  of  the 
mitochondrion  as  a  system  for  ethylene  production.  Consequently,  the 
objective  undertaken  by  the  author  was  to  prepare  a  partially  purified 
enzyme  powder  from  a  subcellular  fraction  and  thenceforth  explore  further 
the  biosynthesis  of  ethylene.  Prior  to  this  though,  since  accelerated 
ethylene  production  by  this  subcellular  fraction  had  previously  been  shown 
to  be  dependent  upon  initial  particle  intactness  followed  by  controlled 
particle  disintegration  (93),  various  means  for  accomplishing  such  a 
breakdown  were  tried. 

There  are  several  advantages  to  undertaking  metabolic  studies  with 
enzyme  powders.  Perhaps  foremost  is  the  fact  that  substrate  experiments, 
especially  those  with  labeled  substrates,  are  less  difficult  as  a  result 
of  the  exclusion  of  many  extraneous  pathways.  In  addition,  the  objective 
of  the  isolation  of  radioactive  intermediates  is  often  more  easily  realized. 
Complications  arising  from  penetration  barriers  when  substrates  and  co¬ 
factors  are  added  to  tissue  slices  and  even  subcellular  particles,  are 
virtually  eliminated  by  use  of  enzyme  powders.  Also,  purification  proced¬ 
ures  allow  a  ready  removal  of  endogenous  substrate  pools,  making  reaction 
sequence  studies  less  burdensome.  These  advantages  are  certainly  tempered 
however,  by  the  fact  that  a  purified  system  is  more  remote  from  its  In  vivo 


state. 
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Chapter  II 

MATERIALS  AND  METHODS 

1.  Procurement  and  Storage  of  Biological  Tissues  for  Studies  of 

Ethylene  Biosynthesis 

(a)  Tomatoes 

. 

Tomatoes  were  used  for  studies  of  ethylene  biosynthesis  when  they 
had  developed  to  a  stage  near  the  climacteric  peak  in  respiration,  since 
ethylene  evolution  is  known  to  be  high  at  this  period  (31).  Firmness  and 
extent  of  colouring  were  the  criteria  followed  in  determining  the  readi¬ 
ness  of  the  tomatoes  for  experimentation.  Once  ripened  to  the  required 
degree,  they  were  stored  at  -10°C  and  used  within  three  weeks. 

(b)  Oat  Seedlings  and  Bean  Seedlings 

Oats  (Victory) ,  Avena  sativa,  and  beans  (Kinghorn) ,  Phaseolus 
vulgaris ,  were  allowed  to  germinate  at  24°C  in  the  dark  in  previously 
sterilized  glass  trays  of  Perlite  R  covered  with  wet  tissue,  or  in 
California  soil  mix.  Immediately  before  planting,  the  seeds  were  soaked 
for  10  minutes  in  50  percent  sodium  hypochlorite  solution,  washed  in  cold 
water,  soaked  for  5  minutes  in  50  percent  ethanol  solution  and  then  re¬ 
washed.  The  seedlings  were  harvested  at  8  -  10  days  after  planting,  since 
maximum  ethylene  evolution  was  found  to  occur  at  this  stage  during  the 
development  of  oat  seedlings  (23).  Once  harvested,  the  seedling  tissue 
was  cut  into  small  segments,  stored  at  -10°C  and  used  within  1  week. 

(c)  Bean  Cotyledons 

Many  more  seedlings  were  required  when  just  the  cotyledons  were 
harvested.  Consequently  plants  were  grown  in  California  soil  mix  or 
Vermiculite  in  large  wooden  flats  in  a  growth  chamber.  The  flats  were 
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sterilized  prior  to  planting,  but  it  was  not  found  necessary  to  treat  the 
seeds  nor  sterilize  the  growth  media,  under  these  conditions.  Cotyledons 
were  harvested  at  7  -  8  days  after  planting,  since  ethylene  production  was 
found  to  be  maximal  at  this  time,  stored  at  -10°C,  and  used  within  1  week. 

2.  Non-Biological  Materials 

All  chemicals  used  throughout  the  investigation  were  reagent  grade 
from  either  Fisher  Scientific  Co.  Ltd. ,  Eastman  Organic  Chemicals  Depart¬ 
ment  of  Eastman  Kodak  Co. ,  or  Laboratory  Chemicals  Division  of  British 

14 

Drug  Houses  Ltd.  A; -alanine -2 -C  was  obtained  from  Volk  Radiochemicals 
Co.,  MN-cellulose  powder  300  and  silica  gel  G  from  Canadian  Laboratory 
Supplies  Incorporated,  and  Cab-o-sil  from  Cabot  Corporation,  Boston,  U.S.A. 

3.  Collections  and  Analyses  of  Ethylene 

Ethylene  was  collected  by  bubbling  purified  air  through  the  reaction 
vessel  and  thence  through  cold  mercuric  perchlorate  solution  (94)  accord¬ 
ing  to  the  method  of  Chandra  and  Spencer  (29),  (93). 

For  collections  of  the  gas  from  intact  wax  bean  cotyledons,  50 
gm.  quantities  of  cotyledons  were  placed  in  1000  ml.  Erlenmeyer  flasks 
and  in  order  to  provide  maximum  circulation  provision  was  made  to  pipe 
the  incoming  air  to  the  bottom  of  the  flask.  Subcellular  particles  and 
enzyme  powders  with  their  respective  reaction  mixtures  were  placed  in  50 
ml.  extraction  flasks  for  ethylene  collections.  Continual  stirring  of  the 
reaction  mixtures  throughout  the  collection  periods  promoted  maximum 
transfer  of  ethylene  to  the  air  stream  passing  through  the  collection 
flasks  into  the  mercuric  perchlorate  solution. 

Quantitative  analyses  of  ethylene  were  obtained  by  gas  chromatog¬ 
raphy;  the  unit  equipped  with  a  flame  ionization  detector  and  constructed 
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by  Chandra  (93)  was  used.  In  some  gas  chromatographic  analyses,  however, 
50  x  0.35  cm.  dual  columns  of  activated  alumina  coated  with  silicone 
(Burrell  341-116-02)  were  used  instead  of  columns  of  squalane-coated  fire¬ 
brick.  (The  retention  time  for  ethylene  with  the  alumina  column  was  25.2 
seconds.)  The  limit  of  sensitivity  was  5  m/d  of  ethylene  per  ml.  of 
injected  sample. 

The  identity  of  ethylene  was  established  by  a  comparison  of 
retention  times  of  samples  with  those  of  ethylene  standards.  The  presence 
of  ethylene  in  the  volatiles  evolved  from  an  enzyme  powder  was  confirmed 
by  mass  spectrometry  of  a  collection  of  these  volatiles  at  dry  ice  - 
acetone  temperature  on  silica  gel  (65). 

4.  Preparations  of  Subcellular  Particulate  Fractions  from  Tomatoes; 

Methods  for  Particle  Disintegration 

(a)  Preparation 

Subcellular  particulate  fractions  from  tomatoes  were  prepared  by 
a  method  previously  established  in  this  laboratory  (79),  (93).  Frozen 
tomatoes  were  cut  up  with  a  chisel  and  ground  in  a  Waring  blender  at 
very  low  speeds  (rheostat  setting  of  70  for  30  seconds)  in  ice-cold  buffer 
containing  0.5  M  sucrose  and  0.5  M  KH^PO^  adjusted  to  pH  8.0  with  NaOH. 
(Earlier  work  in  this  laboratory  had  shown  that  careful  grinding  of  the 
tissue  was  prerequisite  to  attaining  a  subcellular  fraction  active  in 
ethylene  production.)  One  thousand  gm.  of  frozen  tissue  were  used  per 
litre  of  grind  buffer.  Subsequent  to  filtering  through  cheesecloth, 
starch  and  cell  wall  debris  were  removed  from  the  tissue  homogenate  by 
centrifugation  at  4080  g  for  10  minutes  at  0°C  with  a  Servall  model  RC-2 
ultracentrifuge.  The  supernatant  was  filtered  through  broadcloth  and  re¬ 
centrifuged  at  35,000  g  for  15  minutes  in  a  Beckman  model  L  or  L-2  ultra- 
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centrifuge  at  0°C  yielding  a  pellet  consisting  primarily  of  mitochondria. 
This  particulate  fraction  was  suspended  in  ice-cold  buffer  containing 
0.5  M  sucrose  and  0.125  M  KH2PQ4,  Previ°usly  adjusted  to  pH  7.0  with 
NaOH.  (The  pellet  arising  from  a  35,000  g  centrifugation  of  one  litre 
of  tomato  "homogenate"  was  used  per  20  mis.  of  buffer.)  Suspension  was 
accomplished  by  very  slow  stirring  with  a  magmix  at  0°C  and  the  suspended 
mixture  was  made  to  40  or  60  ml.  total  volume  with  buffer  depending  on 
the  need  for  either  two  or  three  20  ml.  samples  for  the  particular 
experiment . 

(b)  Disintegration  of  Subcellular  Particles 

(i)  By  Sonication 

For  sonication  the  particulate  suspension  was  transferred  to  the 
chamber  of  a  Raytheon  BF-101  10  kc .  sonic  oscillator  and  sonicated  for 
4  minutes  at  1.2  amperes  at  4°C;  the  temperature  of  the  reaction  mixture 
did  not  increase  significantly  during  the  treatment.  For  ethylene 
collection,  the  resulting  solution  was  transferred  to  a  reaction  flask 
containing  required  substrates  and  cofactors.  In  the  event  of  a  second 
sonication,  the  entire  reaction  mixture  was  sonicated  prior  to  the  22  - 
23  hour  ethylene  collection  period,  under  the  same  conditions  as  the 
initial  treatment. 

(ii)  By  Freezing  and  Thawing 

To  determine  the  effectiveness  of  fast  freezing  and  subsequent 
thawing  as  a  means  of  particle  disintegration  in  relation  to  ethylene 
production,  the  particulate  suspension  was  transferred  to  a  reaction  flask 
containing  required  cofactors  and  substrates,  and  frozen  by  complete  sub¬ 
mersion  in  liquid  nitrogen.  Thawing  was  effected  by  agitation  in  a  40°C 
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water  bath  and  then  ethylene  collections  were  begun.  The  flask  was  stop¬ 
pered  throughout  the  entire  procedure.  A  second  treatment  was  carried 
out  in  an  identical  fashion  prior  to  the  22  -  23  hour  ethylene  collection 
period . 

(iii)  Use  of  a  Nossal  Disintegrator 

Mechanical  fragmentation  of  mitochondrial  suspensions  by  use  of  a 
Nossal  disintegrator,  and  the  subsequent  isolation  of  particulate  and 
soluble  protein  components  required  for  oxidative  phosphorylation,  have 
been  previously  achieved  (95).  The  Nossal  unit  can  be  purchased  from 
McDonald  Engineering  Co.,  Ohio,  U.S.A. 

For  treatment  with  a  Nossal  disintegrator  in  this  investigation, 

18  ml.  of  particulate  suspension  were  added  to  a  Nossal  capsule  (pre¬ 
cooled  to  0°C)  along  with  2  gm.  of  washed  ground  glass  for  abrasion; 
the  abrasive  was  added  slowly  to  the  particulate  suspension  and  subse¬ 
quent  gentle  stirring  allowed  trapped  air  to  escape.  Prior  to  use,  the 
ground  glass  was  washed  twice  by  shaking  in  the  Nossal  capsule  (  2  gm. 
of  ground  glass  per  15  ml.  of  deionized  water),  rinsed  thoroughly  with 
95  percent  ethanol  and  finally  dried  at  120°C.  This  treatment  minimized 
alkaline  contamination  from  the  glass  during  mitochondrial  disintegra¬ 
tions.  Possible  denaturation  by  foaming  was  minimized  by  having  the 
capsule  brim  full;  considerable  foaming  was  evident  otherwise.  The 
capsule  was  shaken  for  0.5  minutes  at  100  cycles  per  second  and  during 
this  time,  cooling  was  accomplished  by  spraying  a  stream  of  liquid  carbon 


dioxide  over  the  capsule. 
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5.  Preparation  of  Enzyme  Powders  from  Oat  Seedlings,  Wax  Bean  Seedlings 
and  Wax  Bean  Cotyledons . 

(a)  Crude  Enzyme  Powders 

For  preparation  of  enzyme  powders,  frozen  seedling  tissue  was 

ground  for  15  seconds  in  ice-cold  buffer  containing  0.5  M  sucrose  and  0.2 

M  KH^PO^,  adjusted  to  pH  7.0  with  NaOH;  the  grinding  was  performed  with 

a  Waring  blender  at  low  speed  (rheostat  setting  of  60  for  30  seconds). 

Sixty-six  gm.  of  frozen  tissue  were  used  per  200  ml.  of  grind  buffer. 

The  ground  mixture  was  strained  through  cheese  cloth  yielding  a  tissue 

homogenate.  When  only  cotyledons  were  used,  subsequent  to  freezing  at 
o 

-10  C  they  were  crushed  with  a  hydraulic  press  at  20,000  p.s.i.  in  ice- 
cold  buffer  of  the  above  composition,  and  the  resulting  mixture  strained. 
The  tissue  homogenates  from  both  methods  were  initially  centrifuged  at 
4080  g  to  get  rid  of  starch  and  cellwall  debris  and  then  centrifuged 
again  at  35,000  g  yielding  a  subcellular  particulate  fraction,  probably 
consisting  primarily  of  mitochondria.  Centrifugations  were  carried  out 
in  the  same  manner  as  for  the  tissue  homogenate  from  tomatoes  (page  19). 

The  pellet  obtained  from  this  centrifugation  was  suspended  in 
cold  deionized  water  to  allow  some  osmotic  disruption,  and  then  three 
consecutive  times  was  frozen  in  dry  ice-acetone  and  thawed  in  a  40°C 
water  bath.  (The  pellet  arising  from  centrifugation  at  35,000  g  of  one 
litre  of  tissue  "homogenate"  was  suspended  in  10  ml.  of  deionized  water. 

In  experiments  where  the  freeze-thaw  treatment  was  replaced  by  a  more 
extensive  osmotic  treatment,  the  pellet  was  suspended  in  100  ml.  of  de¬ 
ionized  water  and  allowed  to  disrupt  for  1  hour.) 

This  suspension  was  then  subjected  to  ammonium  sulphate  fractional 
precipitation.  Cold  saturated  ammonium  sulphate  solution,  brought  to 
pH  7.0  with  sodium  hydroxide,  was  used.  The  fraction  that  separated  after 
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1.5  hours  at  5  C  at  66  percent  saturation  with  ammonium  sulphate  was 
spun  down  at  18,800  g  for  10  minutes  at  0°C  in  a  Servall  model  RC-2  ultra¬ 
centrifuge  and  subsequently  lyophilized.  This  powder  constituted  a  crude 
enzyme  system  that,  in  the  presence  of  appropriate  substrates  and  cofactors 
was  active  in  ethylene  production. 

(b)  Partially  Purified  Enzyme  Powders 

For  purification,  lipids  were  removed  from  the  crude  powder  by  a 
butanol  extraction.  To  achieve  this,  the  powder  was  suspended  in  cold 

absolute  n-butanol  (50  ml.  per  gm.  of  powder)  by  use  of  a  Servall 

Omnimixer  at  low  speed  (rheostat  setting  of  30)  for  30  minutes;  the  sus¬ 
pension  was  centrifuged  at  18,800  g  for  10  minutes  at  0°C  in  a  Servall 
model  RC-2  ultracentrifuge  and  the  supernatant  discarded.  The  residue 
was  again  treated  with  butanol  and  centrifuged  as  above  The  precipitate 
was  partially  dried  on  filter  paper  under  suction,  in  an  atmosphere  of 
nitrogen . 

Further  purification  was  obtained  by  intensive  ammonium  sulphate 
fractionation.  The  material  on  the  filter  paper  was  suspended  in  cold 

deionized  water  (10  ml.  water  per  gm.  of  initial  crude  powder)  for  5 

minutes  before  addition  of  ammonium  sulphate.  The  suspension  was  frac¬ 
tionated  into  0  -  20,  20  -  65,  and  65  -  100  percent  saturated  ammonium 
sulphate  fractions.  All  ammonium  sulphate  precipitates  were  allowed 
to  aggregate  at  5°C  and  were  subsequently  spun  down  at  18,800  g  for  10 
minutes  at  0°C  in  a  Servall  model  RC-2  ultracentrifuge.  For  preparation 

of  the  65  -  100  percent  fraction  the  supernatant  from  the  20  -  65  percent 

o 

fraction  was  dialyzed  against  deionized  water  for  24  hours  at  5  C  and 
then  lyophilized.  Since  both  the  20  -  65  and  65  -  100  percent  fractions 
were  active  in  ethylene  production,  in  most  experiments  a  35  -  100  per- 


. 


OlJ  j  -'bo  1C  -  *3  V 


.  ,B  0  0  •  «  -  ’  C!l6'3J  3t  "  "°1  . ’ 


,o  .  :  e,  .  .  ,*  1  -  ■«»».  *  -  *  ’«“*  -  S»^b  *  “  q  *  " 


24 


cent  saturated  ammonium  sulfate  fraction  was  used  in  order  to  incorpor¬ 
ate  a  large  portion  of  the  activity.  To  obtain  this  fraction,  the  super¬ 
natant  from  the  0-20  percent  fraction  was  dialyzed  against  6  litres  of 
deionized  water  for  24  hours  at  3°C  with  three  water  changes  at  intervals 
of  eight  hours  and  finally  lyophilized,  yielding  a  partially  purified 
enzyme  powder  active  in  ethylene  production. 

6.  Preparation  of  the  Reaction  Mixture  for  Chromatography 

After  24  hour  ethylene  collection  periods,  the  reaction  mixtures 
containing  enzyme  powder,  substrates  and  cofactors,  were  prepared  for 
paper  chromatography  and  thin  layer  chromatography  in  the  following 
manner.  Ethylamine  salts  of  acids  in  the  mixture  were  formed  by  adjust¬ 
ing  the  pH  to  10  or  above  with  33  percent  (v/v)  ethylamine  solution  in 
deionized  water.  Concentration  to  semi-dryness  was  accomplished  in  a 
Buchler  Rotary  Evapo-mix  at  40°C;  the  reaction  mixtures  were  diluted  to 
4  ml.  with  deionized  water,  made  basic  to  pH  10  or  above  with  33  percent 
ethylamine  solution  and  brought  to  a  final  volume  of  4.5  ml.  with  deion¬ 
ized  water.  The  concentrated  samples  were  stored  at  -10°C. 

Immediately  prior  to  spotting,  it  was  necessary  to  centrifuge 
the  concentrated  solutions  to  rid  them  of  sugars  and  polysaccharides 
that  interfered  with  chromatogram  development.  (An  International  model 
HN  centrifuge  was  used  at  full  throttle  for  5  minutes  at  25°C.)  All 
spots  were  dried  with  a  cool  air  stream. 

The  proposed  intermediates  propiolactone,  acrylic  acid  and  acetic 
acid  were  not  produced  in  sufficient  concentration  for  detection  by 
indicator  spray  when  separated  by  thin  layer  chromatography.  Where  these 
substances  had  not  been  included  as  part  of  the  reaction  mixture  for 
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ethylene  production,  known  amounts  of  their  ethylamine  salts  were  added 
as  markers  prior  to  concentration  of  the  mixture  for  analysis.  Final 
concentrations  of  70  iriM  in  the  4.5  ml.  were  used  consistently  and  this 
amount  was  sufficient  for  location  on  the  chromatograms  by  indicator 
spray. 


7.  Paper  and  Thin  Layer  Chromatography  of  the  Reaction  Mixture 

For  paper  chroma tography  - 100  A  of  the  reaction  mixture  was  spotted 
on  Whatman  No.  1  filter  paper  (46  cm.  x  57  cm.)  and  two  solvent  systems 
were  used.  Acrylate,  acetate  and  propiolactone  were  separated  by  devel¬ 
opment  with  water-saturated  n-butanol  (96)  in  a  tank  that  was  previously 
equilibrated  with  0.125  percent  ethylamine  in  n-butanol-saturated  water; 
for  good  separation,  it  was  not  necessary  to  equilibrate  the  paper,  f?  ~ 
alanine,  malonate  and  °<C-ketoglutarate  were  separated  by  development  with 
20  percent  NK^OH  in  95  percent  ethanol;  no  equilibration  was  necessary. 

For  thin  layer  chromatography,  0.25  mm.  layers  of  either  MN- 
cellulose  powder  300  (20  percent  in  deionized  water)  or  silica  gel  G 
(33  percent  in  deionized  water)  were  spread  on  glass  plates  (20  cm.  x 
20  cm.)  with  a  Desaga  thin  layer  chromatography  apparatus.  After  drying 
the  plates  were  activated  at  110°C  under  vacuum  for  1  hour.  Then  5  A 
and  10  A  spots  of  the  reaction  mixture  were  resolved  by  three  different 
systems.  Acrylate,  acetate  and  propiolactone  were  resolved  on  cellulose¬ 
layered  thin  layer  chromatography  plates  and  y^-alanine,  malonate  and  - 
ketoglutarate  on  silica  gel  G  plates,  although  cellulose  plates  were  some¬ 
times  used  as  well  for  the  latter  group.  The  solvent  systems  used  in  both 
cases  were  the  same  as  employed  for  paper  chromatography.  Equilibration 
of  the  tank,  but  not  the  plate,  was  required  for  the  cellulose  system 
and  no  equilibration  was  required  for  the  silica  gel  system.  Since 
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hydroxypropionate  was  masked  by  ^-alanine,  -ketoglutarate  and  malon- 
ate  on  cellulose  plates  developed  in  water -satura ted  n-butanol,  it  was 
separated  from  all  the  other  acids  on  silica  gel  G  plates  with  a  solvent 
system  composed  of  20  percent  NH4OH  in  methanol;  no  equilibration  was 
required.  This  system  also  gave  improved  resolution  of  ®<-ketoglutarate 
from  ^-alanine  and  malonate. 

For  both  paper  chromatography  and  thin  layer  chromatography,  the 
chromatograms  were  allowed  to  develop  to  almost  their  entire  length,  with 
occasional  exceptions  when  paper  chromatograms  were  run  off  the  end  for 
better  resolution.  Detection  was  accomplished  in  both  types  of  chromato¬ 
graphy  by  spraying  the.  n-butanol-developed  chromatograms  with  0.4  percent 
chlorophenol  red  in  95  percent  ethanol,  and  the  NH^OH-ethanol  and  NH^OH- 
methanol-developed  chromatograms  with  0.4  percent  chlorophenol  red  in  95 
percent  ethanol,  made  basic  to  pH  10  or  more  with  dilute  NaOH. 

Thin  layer  chromatographic  data  were  confirmed  by  developing  the 
chromatograms  in  a  second  direction.  Chromatograms  that  had  initially 
been  developed  in  the  n-butanol  solvent  or  the  NE^OH-methanol  solvent 
were  redeveloped  in  a  second  direction  in  isopropanol-NH^OH  -  ^0  in  the 
volumetric  ratio  of  8:1  si;  those  initially  developed  in  the  NH^OH-ethanol 
solvent  were  redeveloped  in  n-propanol-me thanol-NH^OH-^O  in  the  volumet¬ 
ric  ratio  of  4:4: 1:1.  In  both  instances  of  2  dimensional  chromatography, 
the  chromatograms  were  sprayed  with  the  basic  chlorophenol  detection 
solution. 

8.  Determination  of  the  Radioactivity  of  Ethylene 

When  ^C-labelled  ethylene  was  used,  it  was  collected  in  mercuric 
perchlorate  and  the  radioactivity  determined  with  a  Nuclear  Chicago 
liquid  scintillation  unit.  Model  725,  operated  at  5°C.  Mercuric  perchlorate. 
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containing  the  labelled  gas  as  a  mercury-ethylene  complex,  was  mixed 
with  anthracene  and  Tween  81  in  the  ratio  3g  anthracene; 2  ml.  perchlor¬ 
ate:  1  drop  of  Tween  81.  The  mixture  was  stirred  to  a  dry  paste  and 
counted.  Of  the  original  4.5  mis.  of  mercuric  perchlorate  in  which  ethy¬ 
lene  was  collected,  2  mis.  were  used  for  quantitative  analysis  of  ethy¬ 
lene  by  gas  chromatography  and  2  mis.  for  the  radioactivity  determination. 

9.  Determination  of  Radioactivities  and  Specific  Activities  of  the 
Intermediates 

Paper  chromatograms  of  reaction  mixtures  containing  labeled  compon¬ 
ents  were  scanned  with  a  Labitron  Monitor,  model  1619A,  fitted  with  a 
Nuclear  Chicago  recorder,  model  R1000A.  For  radioactivity  determina¬ 
tions,  spots  were  scraped  from  thin  layer  chromatography  plates  into 
liquid  scintillation  counting  vials  containing  0.5  gm.  of  Cab-o-sil  (97). 
Fifteen  ml.  of  a  mixture  0.4  percent  in  2 ,5-diphenyloxazole  and  0.005 
percent  in  2,2^-paraphenylene  bls-5  phenyloxazole ,  in  toluene,  were 
added  to  each  vial;  the  vials  were  shaken  to  suspend  the  labeled  partic¬ 
les  in  the  Cab-o-sil  and  counting  was  done  with  a  Nuclear  Chicago  liquid 

o 

scintillation  unit,  model  725,  operated  at  5  C  and  sometimes  at  room 
temperature . 

For  determinations  of  specific  activities  of  acetate  and  malonate, 
their  concentrations  were  ascertained  spectrophotometrically .  Ethylamine 
salts  of  the  acids  were  isolated  by  thin  layer  chromatography  of  10  A 
aliquots  of  the  concentrated  reaction  mixtures.  The  spots  were  scraped 
from  sprayed  thin  layer  chromatography  plates  and  the  acids  eluted  by 
shaking  with  4.5  ml.  of  deionized  water  for  one  hour.  These  suspensions 
were  cleared  by  centrifugation  with  an  International  model  HN  centrifuge 
at  full  throttle  for  2  minutes  at  25°C.  Four  ml.  aliquots  of  the  solutions 
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of  the  acids  were  made  to  pH  3  with  dilute  hydrochloric  acid.  The 

solutions  were  subsequently  quantitatively  transferred  to  25  ml.  volu- 

-3 

metric  flasks  containing  5  ml.  of  a  1:1  mixture  of  1.25  x  10  M  benzi¬ 
dine  hydrochloride  (  1  ml.  of  30  percent  acetic  acid  was  required  in 

-3 

each  100  ml.  of  this  solution)  and  3.75  x  10  M  copper  acetate  (98). 

The  solutions  were  made  to  volume  with  deionized  water  prior  to  reading. 
Spots  serving  as  blanks  were  scraped  from  the  thin  layer  chromatography 
plates  and  treated  in  the  same  manner.  Standard  curves  were  prepared 
from  solutions  of  the  ethylamine  salts  of  the  two  acids.  Absorbancies 
were  read  at  242  m>u,  (98)  on  a  Beckman  D.1U.  spectrophotometer. 

10.  Determination  of  Malonic  Acid  Levels  in  Wax  Bean  Cotyledons 

(a)  Preparation  of  a  Tissue  Extract 

Wax  bean  cotyledons  were  harvested  at  daily  intervals  from  4  to 
9  days  after  planting.  The  cotyledons  were  frozen  at  -1Q°C  and  lyo- 
philized.  Extracts  were  prepared  from  the  daily  quantities  of  lyophil- 
ized  tissue  in  the  following  manner.  Fifty  gm.  of  dry  cotyledon  tissue 
were  ground  to  a  fine  powder  with  a  mortar  and  pestle  and  extracted 
with  250  ml.  of  boiling  95  percent  ethanol  for  15  minutes;  stirring 
during  extraction  was  accomplished  with  a  Servall  Qmnimixer  at  low  speeds 
(rheostat  setting  of  20  -  30).  The  supernatant  was  decanted  and  the 
residue  extracted  again  in  the  same  fashion.  The  suspension  from  the 
second  extraction  was  strained  through  cheese  cloth  and  the  supernatants 
from  both  extractions  were  filtered  under  suction  through  #2  MM  filter 
paper  and  evaporated  to  dryness  under  vacuum  at  40°C  with  a  Buchler  flash 
evaporator . 

The  residue  was  dissolved  in  100  ml.  of  65  percent  ethanol,  ad¬ 
justed  to  pH  10  with  50  percent  NF.^OH  and  extracted  with  500  mis.  of 
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chloroform  (99).  After  discarding  the  chloroform  extract,  the  remaining 
aqueous  layer  was  acidified  with  2N  hydrochloric  acid  and  evaporated  to 
dryness  with  a  flash  evaporator  under  the  same  conditions  as  above.  The 
residue  was  dissolved  in  4.5  ml.  of  deionized  water  and  a  4  ml.  aliquot, 
following  dilution  to  15  ml.,  was  centrifuged  at  59,000  g  for  15  minutes 
in  a  Beckman  model  L-2  ultracentrifuge.  The  supernatant  was  analyzed  for 
malonic  acid  content. 

Throughout  the  preparation  of  this  extract  all  transfers  were  as 
quantitative  as  possible. 

(b)  Isolation  and  Quantitative  Determination  of  Malonic  Acid 

Malonic  acid  was  isolated  from  the  tissue  extract  by  thin  layer 
chromatography.  For  this  purpose  1  ml.  of  supernatant  was  diluted  to 
3  ml.  total  with  deionized  water  and  made  14  mM  with  malonic  acid; 
malonate  was  added  as  a  marker  for  chromatography.  Aliquots  of  5  X  were 
spotted  on  cellulose  layered  plates  and  developed  with  a  solvent  of 
chloroform-ethanol  (95  percent) -formic  acid  (90  percent)  in  the  volumet¬ 
ric  ratio  of  5Q;50sl  (100).  The  plates  were  dried  in  a  fume  cabinet 

o 

overnight  and  then  heated  at  110  C  for  30  minutes  to  allow  complete 
evaporation  of  formic  acid.  Detection  was  accomplished  by  spraying  with 
0.4  percent  bromcresol  green  in  95  percent  ethanol,  made  basic  with 
dilute  NaOH. 

Quantitative  determinations  of  malonic  acid  by  spectrophotometry 
were  carried  out  in  the  same  manner  as  for  determinations  of  specific 
activities  (page  27)  except  that  a  standard  curve  was  prepared  from  a 
solution  of  malonic  acid  rather  than  its  ethylamine  salt.  In  addition, 
it  was  not  necessary  to  adjust  the  pH  of  the  eluted  solutions,  since  the 
acid  was  not  in  its  salt  form. 
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11.  Snell  Reaction 

For  the  Snell  reaction,  ^-alanine  (1.0  M) ,  pyridoxal  hydrochlor¬ 
ide  (0.0325  M)  and  Cu^+  (0.625  mM,  added  as  CuSO^)  were  prepared  in  0.2  M 
acetate  buffer  of  pH  4.5,  and  mixed  in  the  volumetric  ratio  of  2:2:1  in 
glass  vials  sealed  with  serum  stoppers.  The  vials  were  autoclaved  (101) 
at  20  lb.  steam  pressure  for  30  minutes,  with  fast  exhaust,  and  allowed 
to  cool  immediately. 

Ethylene  was  quantitatively  determined  by  gas  chromatography. 

For  this  analysis  the  volatiles  from  the  autoclaved  vials  were  exhaust¬ 
ively  transferred  by  a  gas tight  syringe  to  6.4  ml.  serum  vials  containing 
4.0  ml.  of  mercuric  perchlorate  (0.25  M  in  2.0  M  HCIO^) ,  stoppered,  and 
shaken  for  1  hour  at  0°C.to  allow  complexing  of  olefins  with  the  mercury 
(94) .  Other  volatiles  were  then  removed  from  the  space  above  the  solu¬ 
tion  by  a  stream  of  ethylene-free  air,  and  the  ethylene  was  liberated  and 
analyzed  according  to  the  methods  of  Chandra  and  Spencer  (29) ,  (93) . 

The  ethylene  was  further  identified  by  mass  spectrometry.  For 
these  determinations  20  ml.  of  each  of  1.0  M  ^-alanine  and  0.0325  M 
pyridoxal  hydrochloride,  and  10.0  ml.  of  0.625  mM  Cu^+,  all  in  0.2  M 
acetate  buffer  at  pH  4.5,  were  combined  in  60  ml.  break-seal  glass  flasks. 
The  components  in  the  reaction  vessel  were  frozen  in  dry  ice-acetone  and 
the  vessel  was  evacuated  to  1  mm.  Hg.  This  vacuum  was  maintained  during 
slow  thawing,  and  the  flask  was  then  sealed  before  being  autoclaved. 

Such  a  procedure  maintained  a  gaseous  volume  and  pressure  optimal  for 
injection  of  the  complete  gaseous  sample  into  the  mass  spectrometer  for 
analysis. 

The  progress  of  the  reaction  was  confirmed  by  quantitative  deter¬ 
mination  (102)  of  pyridoxal  hydrochloride  before  and  after  autoclaving. 
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For  this  purpose ,  0.1  ml.  of  the  mixture  from  the  Snell  reaction  was 
diluted  to  10.0  ml.  with  0.2  M  acetate  buffer,  pH  4.5,  and  a  2.0  ml. 
aliquot  was  treated  with  2.0  mi.  of  50  percent  ethanolamine  solution. 

The  absorbancy  of  the  colored  complex,  presumably  a  Schiff's  base  formed 
between  pyridoxal  and  ethanolamine,  was  determined  on  a  Beckman  model 
D.U.  spectrophotometer  at  365  m>u.  .  A  standard  curve  was  prepared  for 
each  system  since  solution  components  affected  the  absorption  at  this 
wave  length. 
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Chapter  III 

ASSOCIATION  OF  ETHYLENE  EVOLUTION  WITH  AGING 

1.  Ethylene  Production  by  Senescent  Wax  Bean  Cotyledons 

Cotyledons  from  Kinghorn  wax  beans  (Phaseolus  vulgaris) ,  served  as 
the  tissue  source  for  many  of  the  enzyme  preparations  used  in  this  in¬ 
vestigation.  The  cotyledons  were  harvested  when  senescent  (7  to  8  days 
after  planting) ,  since  their  ethylene  production  was  at  a  peak  at  this 
time  (Fig.  1);  the  tissue  was  withered  and  showed  distinct  signs  of 
aging.  At  senescence  mitochondria  might  be  expected  to  undergo  a  de¬ 
crease  in  activity  and  number  (103),  and  although  it  is  difficult  to 
know  definitely  if  mitochondrial  disintegration  occurs,  it  may  be  signifi¬ 
cant  that  in  vitro  production  of  ethylene  has  been  shown  to  be  associated 
with  mitochondrial  disruption  (39).  Opik  recently  reported  (104)  that  in 
intact  cotyledons  of  Phaseolus  vulgaris ,  mitochondrial  activity  fell  from 
36  hours  after  planting,  onwards.  In  the  storage  cells,  by  the  third  day 
of  germination  the  cristae  of  the  mitochondria  had  become  swollen  and  the 
matrix  had  darkened.  Although  oxygen  uptake  reached  a  peak  between  the 
third  and  fifth  days  of  germination,  he  attributed  the  continuing  rise  in 
respiration  rate  beyond  36  hours  to  an  increase  in  soluble  oxidative 
activity. 

Accelerated  ethylene  evolution  by  senescent  wax  bean  cotyledons 
is  complementary  to  the  fact  that  increased  production  of  the  gas  is  known 
to  accompany  senescence  of  other  tissues  (31),  (34)  and  further  indicates 
a  connection  between  ethylene  evolution  and  aging. 
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2.  Ethylene  Production  by  a  Particulate  Fraction;  An  Evaluation  of 

Methods  for  Particle  Disruption 

In  order  to  prepare  enzyme  powders  active  in  ethylene  production 
from  a  subcellular  particulate  fraction,  it  was  necessary  to  disrupt  the 
particles  and  release  enzymes  responsible  for  formation  of  the  volatile. 

It  is  significant  in  this  respect  that  evolution  of  the  volatile  from  a 
subcellular  particulate  fraction  from  tomatoes  was  considerably  in¬ 
creased  by  sonication  of  the  particulate  fraction  (Table  I) .  Intact 
mitochondria  that  were  not  treated  produced  little  ethylene  until  con¬ 
siderable  reaction  time  had  progressed,  when  presumably,  they  partially 
disintegrated  by  aging  in  the  reaction  mixture  (Table  I) .  Since  it  is 
difficult  to  assess  the  scope  of  effects  of  sonication  of  the  fraction 
on  ethylene  production,  alternative  less  severe  methods  for  accomplishing 
particulate  disintegration  and  consequent  accelerated  evolution  of  the 
volatile,  were  sought  (137). 

(a)  Effects  of  Freezing  and  Thawing  versus  Sonication 

Freezing  and  thawing  the  particulate  fraction  was  one  potential 
means  of  accomplishing  particle  disintegration,  in  that  disruption  would 
be  mediated  by  shearing  forces.  Rat  liver  mitochondria  that  had  been 
frozen  and  thawed,  released  some  enzymes  and  showed  structural  changes 
such  as  disrupted  membranes  (105).  The  effect  of  freezing  and  thawing, 
relative  to  sonication,  on  ethylene  production  by  subcellular  particles 
from  tomatoes  is  illustrated  in  Table  II.  There  was  no  effect  from  the 
initial  freeze-thaw  treatment,  but  the  second  treatment  did  boost  ethy¬ 
lene  production  (Table  II).  In  addition  the  total  yield  of  ethylene  from 
the  sample  treated  by  freezing  and  thawing  was  approximately  equal  to  that 
of  the  sonicated  sample.  It  is  difficult  to  draw  a  definite  conclusion 
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TABLE  I 

Effect  of  Sonication  on  Ethylene  Production  by  a 
Subcellular  Particulate  Fraction  from  Tomatoes 


Collection  period 
hours 

Ethylene , 

Untreated 

mMl/mgm  of  nitrogen 

Treated 

0  -  1 

N 

14 

1  -  3 

5 

2 

3  -  22 

40 

N 

22  -  23 

T 

79 

23  -  24 

15 

48 

Total 

60 

143 

mgm  of  nitrogen 

7.50 

7.66 

N  =  not  detectable  (less  than  5  m,ul)  ;  T  *  trace  amount. 

The  two  samples  were  from  different  preparations  of  mitochondria. 

Sonications  were  performed  on  the  treated  sample  prior  to  the  0-1 
hour  and  22  -  23  hour  collection  periods. 

Reaction  mixture:  both  samples  contained  mitochondria  suspended  in 
20  ml.  of  buffer  (0.5  M  sucrose  and  0.125  M  phosphate,  pH  7.0),  and 
were  made  1.5  mM  in  ATP  after  the  initial  treatment  on  one. 
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TABLE  II 

Effects  of  Sonication  versus  Freezing  and  Thawing  on  Ethylene 
Production  by  a  Subcellular  Particulate  Fraction  from  Tomatoes 


Collection  period 
hours 

Ethylene. , 
Sonicated 

m^l  per  mgm.  of  nitrogen 
Frozen  and  Thawed 

0  -  1 

10 

N 

1-3 

2 

N 

3-21 

13 

26 

21  -  22 

N 

22 

22  -  23 

75 

30 

23  -  24 

59 

88 

Total 

159 

166 

mgm.  of  nitrogen 

7.45 

7.0 

N  =  not  detectable  (less  than  5  m^l) . 

Treatments  of  freezing  and  thawing,  and  sonication,  were  performed 
prior  to  the  0-1  hour  and  22  -  23  hour  collection  periods. 

Freezing  was  in  liquid  nitrogen  and  thawing  at  40°C. 

Reaction  mixtures  both  samples  contained  mitochondria  suspended  in 
20  ml.  of  buffer  (0.5  M  sucrose  and  0.125  M  phosphate,  pH  7.0),  and 
were  made  1.5  mM  in  ATP  after  the  initial  treatments. 
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regarding  the  capacity  of  such  a  treatment  to  activate  the  ethylene- 
producing  system  though,  since  the  increased  production  may  only  reflect 
a  release  of  ethylene  from  solution,  caused  by  freezing  (Appendix,  Page 
89) .  (Intact  mitochondria  were  found  to  evolve  ethylene  when  aged  in 
buffer  and  ATP  overnight  (Table  I). 

Although  the  tomatoes  were  initially  stored  at  -10°C  (Chapter  II), 
subcellular  particles  from  frozen  tomatoes  and  those  from  fresh  tomatoes 
were  found  to  produce  ethylene  in  a  similar  fashion  (79).  In  addition, 
it  is  known  that  other  types  of  tissue  can  withstand  freezing.  For 
example,  frozen  tumors  stored  at  -20°C  maintained  their  transmissibility 
for  up  to  3  weeks  (106). 

(b)  Effect  of  Ribonuclease 

Addition  of  ribonuclease  at  0.9  mgm.  per  ml.  of  particulate  sus¬ 
pension  had  no  effect  on  ethylene  production  by  a  subcellular  fraction 
from  tomatoes.  This  is  not  surprising  in  view  of  the  fact  that  the 
enzyme  would  not  be  expected  to  attack  main  structural  components  such 
as  lipo-proteins . 

(c)  Effect  of  Nossal  Disintegration 

Treatment  of  the  subcellular  fraction  with  a  Nossal  disintegrator 
had  little  effect  on  the  overall  production  of  ethylene  relative  to  a 
control  (Table  III)  and  hence  was  of  no  potential  use  for  enzyme  powder 
preparations.  Buffering  action  was  sufficient  to  eliminate  any  changes 
in  pH  during  the  Nossal  shaking,  as  long  as  the  glass  beads  were  initially 
treated  as  described  in  Chapter  II. 
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TABLE  III 

Effect  of  Nossal  Disintegration  on  Ethylene  Production 
by  a  Subcellular  Particulate  Fraction  from  Tomatoes 


Collection  period 
hours 

Ethylene,  m>ul  per  mgm. 

Untreated 

nitrogen 

Treated 

0  -  1 

17 

N 

1  -  3 

4 

21 

3  -  20 

93 

56 

20  -  21 

3 

6 

21  -  24 

10 

25 

Total 

127 

108 

mgm.  of  nitrogen 

6.56 

6.07 

N  =  not  detectable  (less  than  5  m^l) . 

Nossal  disintegrations  were  performed  on  the  treated  sample  prior  to  the 
0-1  hour  and  the.  20  -  21  hour  collection  periods. 

Reaction  mixture:  both  samples  contained  mitochondria  suspended  in 
25  ml.  of  buffer  (0.5  M  sucrose  and  0.125  M  phosphate,  pH  7.0)  and  were 
made  1.5  mM  in  ATP  after  the  initial  Nossal  treatment. 
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Chapter  IV 

PREPARATION  OF  ENZYME  POWDERS 

1.  Tissue  Grinding  and  Crushing 

The  method  used  for  tissue  grinding  was  found  to  be  very  critical. 

If  the  treatment  with  the  blender  was  too  severe,  the  ethylene-producing 
activity  of  the  enzyme  powders  was  greatly  reduced  and  sometimes  completely 
lost.  Crushing  the  tissue  hydraulically,  as  was  done  with  the  frozen 
cotyledons,  was  found  to  be  a  less  drastic  treatment,  giving  a  greater 
yield  of  structurally  intact  mitochondria  than  did  the  grinding  technique. 
Other  experiments  (49)  were  performed,  in  which  the  intactness  of  mito¬ 
chondria  isolated  by  this  method  was  indicated  by  the  presence  of  res¬ 
piratory  control  in  response  to  added  substrates  and  cofactors. 

Of  the  methods  for  particle  disintegration  attempted  (Chapter  III), 
the  treatment  by  freezing  and  thawing  was  the  only  one,  besides  sonica- 
tion,  with  any  effect.  Since  some  ethylene  is  produced  by  simple  aging 
of  mitochondria  in  a  reaction  mixture,  it  was  thought  that  disruption 
entirely  by  an  osmotic  effect  might  suffice  as  a  means  of  releasing  enzymes 
from  the  particles  for  preparation  of  powders.  Ethylene  production  by 
enzyme  powder  prepared  from  particles  disrupted  in  this  manner  was  lower, 
however,  than  that  by  powder  prepared  from  particles  disrupted  primarily 
by  freezing  and  thawing.  In  view  of  this  and  the  necessity,  in  instances 
of  an  osmotic  treatment  only,  for  centrifugation  of  larger  volumes  to 
obtain  the  ammonium  sulphate  precipitate  from  the  disintegrated  particles, 
the  freeze-thaw  treatment  was  chosen  for  particle  disruption. 
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2.  Ammonium  Sulphate  Precipitations  from  Disrupted  Mitochondrial 
Suspensions  

Mitochondrial  suspensions  were  frozen  and  thawed,  as  described 
previously  (Chapter  II) ,  for  particle  disruption  and  subsequently  sug- 
jected  to  ammonium  sulphate  precipitation;  an  additional  effect  of  the 
added  salt  may  have  been  partial  stabilization  of  proteins  after  dis¬ 
ruption  of  membranes.  A  50  percent  saturated  ammonium  sulphate  precipi¬ 
tation  from  the  particulate  suspension  left  approximately  20  percent  of 
the  total  ethylene-producing  activity  in  the  supernatant  layer  (Table 
IV).  In  subsequent  preparations,  in  order  to  incorporate  as  much  of 
this  activity  into  the  powders  as  possible,  a  66  percent  saturated 
ammonium  sulphate  precipitate  was  taken  from  the  disrupted  particulate 
suspension.  (At  salt  concentrations  higher  than  the  latter  level,  as 
a  result  of  the  high  density  of  the  supernatant  it  was  not  possible  to 
obtain  a  compact  pellet  when  spinning  out  the  precipitate  by  centri¬ 
fugation.)  Subsequent  lyophilization  of  the  "66  percent  precipitate" 
allowed  drying  with  a  minimum  of  denatura tion. 

3.  Removal  of  Lipid  Material  by  Extraction  with  Absolute  n-Butanol 

Some  enzymes  are  denatured  when  exposed  to  organic  solvents  such 
as  n-butanol  in  the  presence  of  water.  These  same  enzymes,  however,  are 
frequently  moderately  stable  when  exposed  to  dry  organic  solvents  (107). 

The  enzymes  involved  in  the  biosynthesis  of  ethylene  apparently 
behave  in  the  manner  described  above.  When  the  crude  enzyme  powder  was 
extracted  with  n-butanol  in  the  presence  of  water,  ethylene-producing 
activity  was  completely  lost;  extraction  of  the  dry  powder  with  absolute 
n-butanol  yielded  a  residue  active  in  ethylene  production  (Table  V). 

Prior  to  extraction,  the  powder  was  dispersed  as  finely  as  possible 
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TABLE  IV 

Ethylene  “-producing  Activity  of  a  Crude  Enzyme  Powder  and 
the  Corresponding  Supernatant  Layer,  from  Oat  Seedlings 


Collection  period 
hours 

Trea tment 

Ethylene , 

Supernatant 

mMl 

Powder 

0  -  2 

none 

7 

45 

2  -  20 

none 

7 

17 

20  -  21 

none 

20 

68 

21  -  23 

frozen  and  thawed 

N 

N 

Total 

34 

130 

N  =  not  detectable  (less  than  5  m,ul)  . 

The  enzyme  powder  was  prepared  from  a  50  percent  saturated  ammonium 
sulphate  precipitate  from  a  disrupted  particulate  suspension. 

The  volume  of  supernatant  layer  used  was  that  from  which  0.5  gms.  of 
enzyme  powder  (the  weight  of  powder  used)  had  been  precipitated. 

Reaction  mixture:  20  ml.  of  buffer  (0.5  M  sucrose  and  0.125  M  phos¬ 
phate,  pH  7.0),  50  mM  /’-alanine,  1.5  iriM  ATP,  0.5  mM  pyridoxal 
phosphate,  0.2  mM  Fe^  added  as  Fe2(SO^,)3. 
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TABLE  V 

Denaturation  by  Water  during  n-Butanol  Extraction 
of  Crude  Enzyme  Powder  from  Wax  Bean  Cotyledons 


Collection 

period, 

hours 

Treatment 

Ethylene,  m/tl 

Butanol 
extraction  of 
dry  powder 

Butanol  extraction  of 
powder  suspended 
in  substrate  buffer 

0-1 

none 

11 

N 

2-20 

none 

62 

N 

20  -  21 

none 

N 

N 

21  -  23 

frozen  and  thawed 

68 

N 

Total 

141 

N 

Powder:  mgm./ml. 

25 

25 

N  -  not  detectable  (less  than  5  nutl)  . 

The  samples  were  from  different  batches  of  comparably  active  crude  enzyme 
powders . 

Reaction  mixture:  buffer  (0.5  M  sucrose  and  0.125  M  phosphate,  pH  7.0), 
50  mM  /-alanine,  1.5  mM  ATP,  2.0  mM  TPP,  1.0  mM  Mg2+  added  as  MgS04. 
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with  a  mortar  and  pestle  to  allow  rapid  penetration  of  butanol  into  the 
particles.  In  addition  to  extracting  lipids,  the  organic  solvent  prob¬ 
ably  served  to  partially  disrupt  lipo-protein  complexes.  Extractions 
were  performed  in  a  dry  ice-acetone  bath  and  with  very  slow  stirring  to 
minimize  denaturation. 

4.  Ammonium  Sulphate  Fractionation  of  the  Butanol-Treated  Enzyme  Powder 

Further  purification  of  the  enzyme  system  was  achieved  by  ammonium 
sulphate  fractionation  of  the  butanol- treated  residue.  The  results  of 
such  a  fractionation  are  illustrated  in  Table  VI.  Precipitation  at  0  -  20 
percent  saturation  with  ammonium  sulphate  yielded  a  fraction  inactive  in 
ethylene  production;  this  fraction  probably  consisted  primarily  of  in¬ 
soluble  material.  The  20  -  65  percent  fraction  was  active  in  ethylene 
production  and  the  65  -  100  percent  fraction  was  approximately  6.8  times 
more  active.  In  the  majority  of  preparations,  a  35  -  100  percent  fraction 
was  used  in  order  to  incorporate  a  large  portion  of  the  activity. 

Comparing  the  activities  per  mgm.  of  powder  of  the  fractions  with 
that  of  the  crude  powder  in  Table  VI,  substantially  increased  activity 
is  apparent  with  each  step  in  purification,  although  it  is  important  to 
bear  in  mind  that  the  crude  powder  and  the  fractions  are  from  different 
batches  of  enzyme  powder.  Data  in  Table  VII  however,  illustrate  the 
relative  ethylene-producing  activities  of  crude  and  partially  purified 
powders  from  the  same  batch  preparation.  In  this  experiment,  extra  co¬ 
factors  were  added  to  the  purified  system  to  compensate  for  losses  during 
dialysis.  There  is  about  an  eleven-fold  increase  in  activity  of  the 
purified  system  relative  to  the  crude  (Table  VII). 


' 


. 


vJ tu  &2ftax3nJt  bio ;  rrsvala  an  iuoxi 


Ethylene-producing  Activity  of  Crude  and  Partially 
Purified  Enzyme  Powders  from  Wax  Bean  Cotyledons 


44 


4. 

e 


CD 

d 

CD 

H 

sf 

p 


CD 

p 

X 

P 

d 

p 

CO 

CD 

•»H 

X 

O 

a 

P 

rH 

CD 

d 

d 

O, 

o 

CO 

*H 

m 

P 

g 

s£> 

CO 

d 

P 

•p 

i 

d 

d 

p 

o 

o 

CO 

g 

CM 

CO 

E 

cO 


CD 

X!  W 

p 

P  cfl 

d 

•rl  d 

CD 

£  o* 

o 

H 

p 

d  d 

<D 

o  CO 

a,  *h 

p  g 

o 

co  d 

CM 

P  *P 
d  d 

1 

P  o 
co  E 

© 

co  E 

co 

<D  P 
T3  CD 
d  XJ 
P  £ 
O  O 

04 


d 

o  • 

•rC  T)  « 
P  O  P 

o  *p  d 

CD  U  O 
H  111 
rP  OU 

o 

o 


00 


00 

CM 


CO 

o 

CM 


CM 


m 

m 

co 


r^» 

os 


CM 

vO 


CM 


00 

CM 


vO 

m 


o 

CM 


sO 

os 


00 

CM 


vO 

• 

CM 

CM 


00 

CM 


CO 


o 

CM 

CM 


m 

CM 


00 

oo 


T3 

CD 

m 

CD 

P 

» 

CD 

d 

<w 

d 

cO 

ip 

cO 

d 

o 

X 

«P 

X 

CD 

•P 

P 

•P 

P 

E 

CO 

CD 

(U 

CD 

X) 

P  LP 

d 

d 

d 

d 

'O 

co 

CO  O 

CD 

o 

o 

o 

d 

CO 

CO 

<D 

a, 

d 

d 

d 

CO 

CD 

P 

CO 

E 

rP 

H 

d 

d 

o 

VP 

C/3 

CD 

• 

p 

N 

rH 

cp 

<D 

O 

E 

P 

P 

• 

CO 

X 

s 


o 

fp 

•  • 

CM 

CM 

CM 

CM 

T— C 

P 

CO 

CD 

i — C 

1 

1 

1 

1 

P 

•o 

CO 

O 

| 

P 

O 

CM 

O 

rH 

H 

O 

O 

CM 

CM 

04 

H 

CO 

o 

o 

•P 

P 

o 

CO 

l-i 

ip 

CD 

X 

P 

d 

CO 

XJ 

P 

d 

o 


CO 

Vi 

CO 

a, 

<D 

P 

a 

x 
o 
p 
co 

xi 

p 

d 


CO 

M 

4) 

n 

8 


CD 

d 

p 

o 


1 


CO 

p 

O 

<D 

P 

CD 

•d 


o 

d 


Reaction  mixtures:  all  samples  contained  buffer  (0.5  M  sucrose  and  0.125  M  phosphate,  pH  7.0)  and  were 
50  mM  in  ^-alanine,  1.5  mM  in  ATP,  2.0  raM  in  TPP,  1.0  mM  in  Mg^+  added  as  MgS04,  and  0.17  mM  in  CoA. 
The  65  -  100  percent  fraction  contained  0.5  nM  pyridoxal  phosphate  and  0.2  mM  Fe-^"  added  as  Fe2(SO^)2» 
(Other  experiments  have  shown  that  the  0-20  percent  fraction  is  inactive  on  addition  of  pyridoxal 
phosphate  and  Fe^*.) 
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TABLE  VII 

Relative  Activities  of  Crude  and  Partially  Purified 
Enzyme  Powders  from  Wax  Bean  Cotyledons 


Collection  period 
hours 

Treatment 

Ethylene 

Crude 

,  mxil 

Purified 

0  -  2 

none 

100 

45 

2  -  20 

none 

236 

39 

20  -  21 

none 

146 

N 

21  -  24 

frozen  and  thawed 

62 

100 

Total 

544 

184 

Powder:  mgm./ml. 

25 

0.75 

Total/mgm. /ml . 

22 

245 

Both  samples  were  from 

the  same  batch  of  enzyme 

powder. 

N  =  not  detectable  (less  than  5  mwl) . 


Reaction  mixture:  both  samples  contained  buffer  (0.5  M  sucrose  and  0.125 
M  phosphate,  pH  7.0),  and  were  50  iriM  in  /-alanine,  1.5  mM  in  ATP,  2.0  mM 
in  TPP  and  1.0  mM  in  Mg2+  added  as  MgS04-  In  addition  the  purified  sample 
was  0.5  mM  in  pyridoxal  phosphate,  0.2  mM  in  Fe-^-  added  as  Fe2(SO^)3,  50 
mM  in  <-ketoglutarate  and  0.17  mM  in  CoA. 
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Chapter  V 

PROPERTIES  OF  THE  ENZYME  POWDERS 

1»  Homogeneity  of  Individual  Enzyme  Powders 

The  degree  of  homogeneity  of  both  crude  and  partially  purified 
enzyme  powders  within  the  same  batch  preparation,  is  indicated  in 
Table  VIII.  Variation  in  ethylene  production  from  equal  weights  was 
approximately  4.2  percent  for  crude  powder  and  2.3  percent  for  parti¬ 
ally  purified  powder.  (Recovery  of  ethylene  was  consistently  100 
percent  for  the  collection  method  used  (93).)  Representative  nitrogen 
values  for  the  powders  are  given  in  the  appendix. 

There  was  some  variation  in  levels  of  ethylene  obtained  from 
sample  to  sample  during  specific  collection  periods  (Table  VIII),  since 
stirring  of  the  reaction  mixtures  during  ethylene  collection  was  not 
entirely  reproducible.  Freezing  and  thawing  of  the  reaction  mixtures 
prior  to  the  last  ethylene  collection,  however,  did  release  ethylene 
still  in  aqueous  solution. 

Enzyme  activity  of  different  batch  preparations  was  not  reproduc¬ 
ible.  This  was  to  be  expected  in  view  of  such  difficulties  as  controll¬ 
ing  variations  in  different  batches  of  tissue  grown  at  different  times; 
in  wax  bean  cotyledons,  ethylene  production  is  high  within  a  relatively 
narrow  range  of  development  and  biochemical  changes  in  the  tissue  are 
probably  quite  rapid  at  this  stage.  As  well,  although  attempts  were  made 
to  prevent  it,  the  degree  of  damage  incurred  by  the  enzyme  system  during 
the  preparative  procedures  of  grinding  or  crushing  and  lipid  extraction 
probably  varied  among  preparations. 
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TABLE  VIII 

Activities  of  Duplicate  Samples  of  Crude 
and  Partially  Purified  Enzyme  Powders 


Collection 

period,  - Ethylene,  ami 


hours_ Treatment  Crude  Partially  purified 


CM 

1 

O 

none 

56 

56 

N 

N 

2-20 

none 

101 

85 

23 

23 

20  -  21 

none 

45 

51 

56 

51 

21  -  24  frozen 

and  thawed 

62 

61 

96 

105 

Total 

264 

253 

175 

179 

Powder  %  mgm .  /ml 

25 

1.5 

N  =  not  detectable  (less  than  5  nutl) . 

The  crude  powder  was  from  oat  seedlings  and  the  partially  purified 
powder  from  wax  bean  cotyledons. 

Reaction  mixture;  all  samples  contained  buffer  (0.5  M  sucrose  and  0.125 
M  phosphate,  pH  7.0)  and  were  1.5  mM  in  ATP.  The  partially  purified 
samples  were  in  addition  50  mM  in  ^-alanine,  2.0  mM  in  TPP,  1.0  mM  in 
Mg2+  added  as  MgS04,  0.5  mM  in  pyridoxal  phosphate,  0.2  mM  in  Fe^  added 
as  Fe2(S04)3,  50  mM  in  ^-ketoglutarate  and  0.17  mM  in  CoA. 
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2.  Sensitivity  of  the  Enzyme  Powders  to  pH  Changes  and  Storage 

The  in  vitro  enzyme  system  for  ethylene  production  was  quite 
sensitive  to  small  changes  in  pH,  being  virtually  inactive  outside  the 
range  6.7  -  7.2.  Furthermore,  the  ethylene-producing  activity  of  the 
enzyme  preparation  decreased  markedly  with  time,  and  2  weeks  storage 
under  vacuum  in  a  desiccator  at  5°C  rendered  the  powders  much  less 
active  (Table  IX). 

3.  Substrate  and  Cofactor  Studies  with  the  Enzyme  Powders 

(a)  Adenosine  Triphosphate 

The  requirement  by  the  enzyme  powders  of  an  energy  source  for 
ethylene  production  is  illustrated  in  Table  X.  Both  the  crude  and 
partially  purified  enzyme  systems  are  inactive  in  the  absence  of  added 
ATP.  The  15  m,ul  of  ethylene  produced  by  the  partially  purified  system 
in  the  absence  of  ATP  (Table  X,  Sample  2A) ,  may  reflect  a  release  of 
preformed  ethylene  that  remained  enzymatically  bound  throughout  the 
preparative  procedures.  A  more  complete  substrate  and  cofactor  comple¬ 
ment  was  added  to  the  partially  purified  system  to  compensate  for 
losses  by  dialysis.  In  some  later  experiments,  ATP  was  used  at  3  niM 
rather  than  1.5  niM  since  the  higher  concentration  caused  a  greater 
stimulation  of  ethylene  production.  A  reaction  mixture  of  the  entire 
substrate-cofactor  complement  in  buffer  in  the  absence  of  enzyme  powder 
yielded  no  ethylene. 

Increased  activity  in  the  presence  of  ATP  and  no  activity  in 
its  absence  are  consistent  with  enzymatic  behaviour  and  may  serve  to 
indicate  that  at  least  some  of  the  reactions  catalyzed  by  this  system 


are  enzymatic. 
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TABLE  IX 

Effect  of  Storage  under  Vacuum  in  a  Desiccator  at 
5°C  on  the  Ethylene-producing  Activity  of  a  Crude 
Enzyme  Powder  from  Wax  Bean  Cotyledons 


Collection  period 
hours 

Treatment 

Fresh 

Ethvlene.  nui.1 

Aged  by  2  weeks 

0  -  2 

none 

56 

79 

2-20 

none 

106 

N 

20  -  21 

none 

51 

N 

21  -  24 

frozen  and  thawed 

112 

73 

Total 

325 

152 

Powder:  mgm./ml 

25 

25 

N  =  not  detectable  (less  than  5  mMl) . 

Samples  were  from  the  same  batch  of  enzyme  powder. 

Reaction  mixture:  both  samples  contained  buffer  (0.5  M  sucrose  and 
0.125  M  phosphate,  pH  7.0),  and  were  50  mM  in  /-alanine,  1.5  mM  in 
ATP,  2.0  mM  in  TPP  and  1.0  mM  in  Mg^+  added  as  MgSO^. 
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TABLE  X 

The  Effect  of  Added  Cofactors  and  Substrates  on  Ethylene 
Production  by  Crude  and  Partially  Purified  Enzyme  Powders 


Collection  _ Ethylene,  timl _ _ 

period,  Crude  Partially  purified 

hours  Treatment  1A  IB  2A  2B 


0  -  2 

none 

N 

45 

N 

90 

2-20 

none 

N 

89 

N 

68 

20  -  21 

none 

N 

N 

N 

62 

21  -  24 

frozen 

and  thawed 

N 

50 

15 

57 

Total 

N 

184 

15 

277 

Powder : 

mgm. /ml . 

25 

1.25 

N  =  not  detectable  (less  than  5  mal)  . 

The  crude  powder  was  from  oat  seedlings;  the  partially  purified  from  wax 
bean  cotyledons. 

Reaction  mixture:  All  samples  contained  buffer  (0.5  M  sucrose  and  0.125 
M  phosphate,  pH  7.0).  In  addition  sample  IB  was  1.5  rriM  in  ATP,  and  sample 
2B  was  1.5  tM  in  ATP,  50  mM  in  ^-alanine,  2.0  iriM  in  TPP,  1.0  mM  in  Mg2+ 
added  as  MgS04,  0.5  mM  in  pyridoxal  phosphate,  0.2  mM  in  Fe-^  added  as 
Fe2(S04)3,  50  iriM  in  ^-ketoglutarate  and  0.17  mM  in  CoA. 
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(b)  ^-Alanine 

v 

^-alanine  increased  ethylene  production  by  approximately  43 
percent  when  added  to  the  crude  enzyme  powder  and  ATP  (Table  XI) . 
Furthermore,  production  of  the  volatile  by  a  partially  purified  enzyme 
system  was  greater  when  the  concentration  of  ^-alanine  was  50  mM  than 
when  it  was  10  mM  (Table  XI).  Such  evidence  indeed  suggested  that  the 
amino  acid  was  serving  as  a  precursor  for  ethylene  formation  by  the 
enzyme  powders. 

Pertinent  to  this  finding  is  the  fact  that  the  addition  of  j?- 
alanine  stimulated  ethylene  production  by  subcellular  fractions  from 
tomatoes,  particularly  in  the  presence  of  pyridoxal  phosphate,  thiamine 
pyrophosphate  and  magnesium  ion  (79). 

(c)  Cofactors  for  Transamination 

That  transamination  may  be  implicated  in  ethylene  production 
was  made  apparent  by  the  inhibitory  action  of  cycloserine  on  ethylene 
production  by  a  subcellular  fraction  from  tomatoes  (79).  The  involve¬ 
ment  of  ^-alanine  in  a  transamination  appeared  attractive  in  view  of 
the  apparent  capacity  of  this  amino  acid  as  a  substrate  for  ethylene 
production  by  enzyme  powders. 

Addition  of  pyridoxal  phosphate  and  ferric  ion  to  a  crude  enzyme 
system  slightly  decreased  ethylene  production  (Table  XII).  Pyridoxal 
phosphate  remains  tightly  bound  to  its  apoenzyme  (108)  though,  and 
would  probably  not  be  deficient,  especially  in  a  crude  enzyme  prepara¬ 
tion.  Hence,  a  boost  in  enzymatic  activity  on  addition  of  this  co¬ 
factor  would  not  necessarily  be  expected.  The  slight  inhibition  might 
be  accounted  for  by  competition  between  added  coenzyme  and  coenzyme- 
apoenzyme  complex  for  endogenous  ^-alanine;  no  ^-alanine  was  added  in 
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TABLE  XI 

Effect  of  ^-alanine  as  a  Substrate  for 
Ethylene  Production  by  Enzyme  Powders 


Collection  _ Ethylene,  trm.1 _ 

period,  Crude  Partially  purified 

hours  Treatment  1A  IB  2A  2B 


o 

1 

N> 

none 

N 

28 

1  “ 

2-20 

none 

62 

141 

>  27 

64 

20  -  21 

none 

28 

23 

21  -  24 

frozen 

and  thawed 

35 

28 

77 

90 

Total 

125 

220 

104 

154 

Powder : 

mgm.  /ml 

20 

0.75 

N  »  not  detectable  (less  than  5  m^il)  . 

The  crude  powder  was  from  wax  bean  seedlings;  the  partially  purified  from 
wax  bean  cotyledons. 

Reaction  mixtures:  All  samples  contained  buffer  (0.5  M  sucrose  and  0.125 
M  phosphate,  pH  7.0).  Samples  1A  and  IB  were  1.5  mM  in  ATP  and  in 
addition  sample  IB  was  50  niM  in  alanine.  Samples  2A  and  2B  were  3  mM 

in  ATP,  2.0  mM  in  TPP,  1.0  mM  in  Mg2+  added  as  MgS04,  0.5  mM  in  pyridoxal 
phosphate,  0.2  mM  in  Fe^"  added  as  Fe2(S04)3,  50  mM  in  =<-ketoglutarate , 

70  mM  in  malonate  and  0.17  mM  in  CoA.  In  addition  sample  2A  was  10  mM  in 
^-alanine  and  2B  50  mM  in  ^-alanine. 
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TABLE  Xll 

Effects  of  Pyridoxal  Phosphate  and  Ferric  Ion  and  of 
°<-ketoglutarate  on  Ethylene  Production  by  Enzyme  Powders 


Collection 

period, 

hours 

Treatment 

Ethylene , 

mMl 

Crude 

Partially  purified 

Control 

Pyridoxal 
Phosphate 
and  Fe3+ 

Control 

°<-keto- 

glutarate 

0  -  2 

none 

56 

11 

22 

22 

2-20 

none 

84 

90 

34 

51 

20  -  21 

none 

50 

79 

28 

45 

21  -  24 

frozen  and  thawed 

62 

56 

22 

48 

Total 

252 

216 

106 

166 

Powder;  mgm./ml. 

25 

5 

The  crude  powder  was  from  oat  seedlings;  the  partially  purified  from  wax 
bean  cotyledons. 

Reaction  mixtures;  All  samples  contained  buffer  (0.5  M  sucrose  and  0.125 
M  phosphate,  pH  7.0),  and  were  1.5  tnM  in  ATP.  In  addition  the  experi¬ 
mental  sample  of  crude  powder  was  0.5  mM  in  pyridoxal  phosphate  and  0.2 
mM  in  Fe^*  added  as  Fe2{SG>4)3.  Samples  of  purified  powder  were  in 
addition  50  mM  in  ^-alanine,  2.0  mM  in  TPP,  1.0  mM  in  Mg^+  added  as 
MgSO^,  0.5  mM  in  pyridoxal  phosphate,  0.2  mM  in  Fe  added  as  Fe2(S04)3, 
0.17  mM  in  CqA  and  the  experimental  sample  was  50  mM  in  oC-ketoglutarate 
as  well. 
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this  experiment. 

When  ®<-ketoglutarate  was  added  to  a  system  of  purified  enzyme 
powder  and  appropriate  substrates  and  cofactors,  ethylene  production  was 
increased  by  about  36  percent  (Table  XII)  .  <=><-ketoglutarate  was  prob¬ 
ably  acting  as  an  amino  group  acceptor  for  a  transamination  reaction 
involving  ^-alanine. 

An  enzyme  that  catalyzes  the  reversible  transamination  between 
^-alanine  and  -ketoglutarate  with  the  formation  of  malonic  semialde¬ 
hyde  and  glutamate  respectively  has  been  found  present  in  pig-kidney 
extracts  (109) .  The  reaction  has  also  been  shown  to  be  catalyzed  by 
homogenates  of  mycelial  pads  from  Aspergillus  fumigatus  (110)  and  by 
a  fraction  separated  at  18,000  g  from  tissue  homogenates  of  brain  and 
liver  from  mice  (111) . 

The  fact  that  addition  of  NAD  did  not  stimulate  ethylene  produc¬ 
tion  by  a  crude  enzyme  powder  (Table  XIII)  and  by  a  subcellular  partic¬ 
ulate  fraction  from  tomatoes  (79)  is  consistent  with  the  involvement 
of  a  transaminase  rather  than  a  deaminase. 

Cofactors  for  Decarboxylation 

Addition  of  thiamine  pyrophosphate  and  magnesium  ion  to  crude 
enzyme  powder  and  ATP  enhanced  ethylene  production  by  about  38  percent 
(Table  XIV) ,  indicating  that  a  decarboxylation  was  involved  in  produc- 

i 

tion  of  the  volatile.  These  cofactors  do  not  remain  tightly  bound 
within  the  system  and  are  probably  leached  out  to  some  extent  during 
preparation  of  the  crude  powder,  although  cofactors  were  present  endogen 
ously,  in  concentrations  adequate  for  detectable  ethylene  production  by 
the  crude  powder  as  long  as  ATP  was  added.  Lipoic  acid  decreased  evolu¬ 
tion  of  the  volatile  by  a  crude  powder  by  73  percent  (Table  XIV), 


■ 


' 


n  ■>  ^  '  b  * 

-sbl»ln»e  sinolum  lo  noUnnol  *iil  dilv  .IMMuIsoJsi  >•  bn»  n«J.i»!»-^ 


.  3  »:  -  •  )  '1  -  ;  r-i~:>r  ■  ‘ 


-  55 


TABLE  XIII 

Effect  of  Nicotine  Adenine  Dinucleotide  on  Ethylene 
Production  by  a  Crude  Enzyme  Powder  from  Oat  Seedlings 


Collection 

period, 

hours 

Treatment 

Ethylene , 

Control 

nuil 

NAD 

CM 

i 

o 

none 

56 

39 

2  -  20 

none 

34 

101 

20  -  21 

none 

79 

56 

21  -  24 

frozen  and  thawed 

107 

34 

Total 

276 

230 

Powder:  mgm./ml. 

25 

Samples  were  from  the  same  batch  of  enzyme  powder. 

Reaction  mixture:  both  samples  contained  buffer  (0.5  M  sucrose  and 
0.125  M  phosphate,  pH  7.0),  and  were  1.5  mM  in  ATP,  50  mM  in  ^-alanine, 
0.5  mM  in  pyridoxal  phosphate  and  0.2  mM  in  Fe^"  added  as  Fe2(S04)3. 

The  experimental  sample  was  0.005  mM  in  NAD  in  addition. 
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TABLE  XIV 

Effects  of  Thiamine  Pyrophosphate  and  Magnesium  Ion  and 
of  Lipoic  Acid  on  Ethylene  Production  by  Enzyme  Powders 


Collection 
period , 
hours 

Treatment 

Ethylene , 

m,ul 

Crude 

Partially  purified 

Control 

TPP  &  Mg2+ 

Control 

Lipoic 

Acid 

0  -  2 

none 

56 

51 

90 

45 

2-20 

none 

84 

163 

68 

15 

20  -  21 

none 

50 

84 

62 

15 

21  -  24 

frozen  and 

thawed 

62 

112 

57 

N 

Total 

252 

410 

277 

75 

Powder:  mgm. 

/ml . 

25 

0.75 

N  =  not  detectable  (less  than  5  ny/l)  . 

The  crude  powder  was  from  oat  seedlings;  the  partially  purified  from 
wax  bean  cotyledons. 

Reaction  mixtures:  All  samples  contained  buffer  (0.5  M  sucrose  and 
0.125  M  phosphate,  pH  7.0).  In  addition,  samples  of  crude  powder  were 
1.5  mM  in  ATP  and  the  experimental  sample  was  2.0  mM  in  TPP  and  1.0  mM 
in  Mg2+  added  as  MgS04  as  well.  Samples  of  purified  powder  were  in 
addition  3.0  mM  in  ATP,  50  mM  in  ^-alanine,  2.0  mM  in  TPP,  1.0  mM  in 
Mg2+  added  as  MgS04,  0.5  mM  in  pyridoxal  phosphate,  0.2  mM  in  Fe^"  added 
as  Fe2(S04)3,  50  mM  in  'K-ketoglutarate ,  0.17  mM  in  CoA  and  the  experi¬ 
mental  sample  was  0.02  mM  in  lipoic  acid  as  well. 
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suggesting  that  the  decarboxylation  is  probably  nonoxidative . 

Additional  evidence  that  a  decarboxylation  is  involved  in  ethylene 
production  came  from  experiments  with  subcellular  particulate  fractions 
from  tomatoes  (79)  in  which  addition  of  thiamine  pyrophosphate  and  mag¬ 
nesium  ion  to  the  particulate  fraction  and  ATP  increased  evolution  of 
the  volatile  by  30  percent. 

(e)  Malonic  Acid 

The  presence  of  acetate  in  sufficient  concentration  to  be  detected 
on  a  sprayed  paper  chromatogram,  even  in  instances  where  malonic  acid  was 
excluded  from  the  reaction  mixture,  suggested  that  malonate  was  in 
equilibrium  with  malonic  semialdehyde.  Transamination  of  ^-alanine 
would  have  yielded  malonic  semialdehyde  which  is  unstable  and  was  prob¬ 
ably  transformed  to  either  J?-hydroxypropionic  acid  or  malonic  acid 
(Fig.  II) .  Acetate  could  have  been  derived  from  malonate  through  the 
action  of  acetyl  CoA  carboxylase  (112)  . 

Increased  ethylene  production  on  addition  of  malonic  acid  to  a 
system  of  crude  enzyme  powder,  ^-alanine,  thiamine  pyrophosphate, 
magnesium  ion  and  coenzyme  A  (Table  XV)  was  thought  to  be  attributable 
to  shifts  in  equilibria  favouring  production  of  ^-hydroxypropionic 
acid  and  ethylene  from  malonic  semialdehyde  (Fig,  II).  Malonate  caused 
an  even  greater  increase  in  ethylene  production  when  added  to  partially 
purified  enzyme  powder  and  appropriate  substrates  and  cofactors  (Table 
XV),  which  is  to  be  expected  in  view  of  the  fact  that  endogenous  sub¬ 
strates,  probably  present  to  some  extent  in  crude  enzyme  powder,  are 
removed  by  dialysis  during  preparation  of  the  purified  system.  Hence, 
prior  to  label  studies,  it  was  apparent  that  malonic  semialdehyde  was 
in  equilibrium  with  malonic  acid  and  ^-hydroxypropionic  acid. 
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TABLE  XV 

Effect  of  Malonic  Acid  on  Ethylene  Production  by  Crude  and 
Partially  Purified  Enzyme  Powders  from  Wax  Bean  Cotyledons 


Collection 

period, 

hours 

Treatment 

Ethylene,  m^l 

Crude 

Purified 

Control 

Malonate 

Control 

Malonate 

CS! 

1 

O 

1 

none 

13 

13 

N 

8 

2-20 

none 

19 

25 

23 

23 

20  -  21 

none 

N 

11 

56 

100 

21  -  24 

frozen  and  thawed 

21 

27 

96 

960 

Total 

53 

76 

175 

1051 

Powder : 

mgm. /ml . 

25 

0.65 

N  =  not  detectable  (less  than  1  nvuJL  for  analysis  of  ethylene  from  the 
crude  system)  ,  (less  than  5  m/d.  for  analysis  of  ethylene  from  the  purified 
system) . 

The  crude  and  purified  systems  represent  different  batches  of  enzyme 
powder  with  differing  activities. 

Reaction  mixture:  for  the  crude  system,  both  samples  were  0.125  M  in 
phosphate  buffer,  pH  7.0,  1.5  mM  in  ATP,  50  mM  in  i?-alanine,  2.0  mM  in 
TPP,  1.0  mM  in  Mg^  added  as  MgSO^  and  0.17  mM  in  CoA.  The  experimental 
sample  was  also  70  mM  in  malonic  acid.  For  the  purified  system,  both 
samples  contained  buffer  (0.5  M  sucrose  and  0.125  M  phosphate,  pH  7.0), 
and  were  1.5  nM  in  ATP,  50  mM  in  ^-alanine,  2.0  mM  in  TPP,  1.0  mM  in 
Mg2+  added  as  MgSQ^,  0.5  mM  in  pyridoxal  phosphate,  0.2  mM  in  Fe^+  added 
as  Fe2(S04)3,  0.17  mM  in  CoA  and  50  mM  in  ■=< -ketoglutarate .  The  experi¬ 
mental  sample  was  also  70  miM  in  malonic  acid. 
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In  table  XV,  it  is  to  be  noted  that  for  the  crude  system  the 
substrate  buffer  contained  phosphate  only.  In  many  experiments  substrate 
buffer  containing  sucrose  and  phosphate  was  used;  but  no  difference  was 
noted  when  sucrose  was  absent.  In  some  experiments  sucrose  was  omitted 
to  make  chromatography  of  the  reaction  mixtures  easier. 

(f)  Coenzyme  A 

Coenzyme  A,  when  added  to  a  system  of  crude  enzyme  powder,  ATP, 
thiamine  pyrophosphate  and  magnesium  ion  boosted  ethylene  production 
by  approximately  10  percent  in  one  experiment  and  20  percent  in  another 
(Table  XVI).  From  such  evidence,  it  is  not  possible  to  assign  a  defin¬ 
ite  role  to  coenzyme  A  in  this  enzyme  system,  but  in  view  of  the  pro¬ 
posed  pathway  for  conversion  of  ^-alanine  to  ethylene  (Fig.  II)  it  may 

r 

be  pertinent  to  such  a  consideration  that  ^-hydroxypropionyl -coenzyme 
A  and  malonic  semlaldehyde-coenzyme  A  were  reported  as  intermediates  in 
the  oxidation  of  propionate  by  Clostridium  kluyveri  (113). 

(g)  ^ -Mydroxypropionic  Acid  and  Acrylic  Acid 

Propiolactone  (a  ready  source  of  ^-hydroxypropionic  acid)  at 

50  mM  in  the  reaction  mixture  increased  ethylene  production  (Table  XVII, 
sample  A).  This  increased  production  is  consistent  with  the  conversion 
of  ^-alanine  (presumably  by  transamination)  through  malonic  semialde¬ 
hyde  to  ^-hydroxypropionic  acid. 

Acrylic  acid  in  the  same  system  including  propiolactone,  inhibi¬ 
ted  evolution  of  the  volatile  by  approximately  70  percent  at  75  mM 
(Table  XVI.I,  sample  B)  and  approximately  25  percent  at  25  mM.  While 
this  behaviour  is  not  expected  of  an  ethylene  precursor,  the  effect  of 
acrylic  acid  may  be  through  a  different  mechanism.  It  is,  for  example, 
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TABLE  XVI 

Effect  of  Coenzyme  A  on  Ethylene  Production  by 
Crude  Enzyme  Powders  from  Wax  Bean  Seedlings 


Collection 

period, 

hours 

Treatment 

Ethylene 

,  m^l 

A 

B 

Control 

CoA 

Control 

CoA 

0-2 

none 

N 

28 

N 

17 

o 

CM 

J 

CM 

none 

143 

141 

23 

90 

20  -  21 

none 

35 

17 

51 

28 

21  -  24 

frozen  and  thawed 

23 

34 

34 

N 

Total 

201 

220 

108 

135 

Powder:  mgm./ml. 

25 

18 

N  -  not  detectable  (less  than  5  nvu.1)  . 

A  and  B  represent  different  batches  of  enzyme  powder  with  differing 
activities . 

Reaction  mixtures:  All  samples  contained  buffer  (0.5  M  sucrose  and 
0.125  M  phosphate,  pH  7.0),  and  were  1.5  mM  in  ATP,  2.0  mM  in  TPP  and 
1.0  mM  in  Mg^+  added  as  MgSO^  In  addition  the  experimental  samples 
were  0.17  mM  in  CoA. 
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chemically  very  active,  and  may  attack  some  other  components  of  the 
reaction  mixture,  such  as  essential  sulfide  links  on  enzymes.  (Inhibi¬ 
tor  experiments  with  a  subcellular  fraction  from  tomatoes  have  shown 
that  sulfhydryl  groups  and  probably  disulfide  links  are  essential  for 
ethylene  biosynthesis  (78),  (79).)  It  is  also  interesting  in  this 
respect  that  reactions  of  ethylene  and  propylene  with  atomic  sulfur  re¬ 
sulting  in  the  formation  of  cyclic  sulfides  have  been  demonstrated  (114). 

4.  A  Pathway  for  Conversion  of  j$- alanine  to  Ethylene 

The  evidence  discussed  above,  in  conjunction  with  data  obtained 
from  experiments  with  ^-alanine-2-^C ,  which  will  be  discussed  in 
Chapter  VI,  suggested  a  pathway  for  the  conversion  of  ^-alanine  to 
ethylene  as  illustrated  in  Fig.  II.  It  was  thought  likely  that  jf- 
alanine  is  transaminated  to  malonic  semialdehyde  and  thence  is  converted 
through  ^-hydroxypropionic  acid  and  acrylic  acid  to  ethylene.  The 
decarboxylation  of  acrylate  to  ethylene  could  occur  by  a  mechanism 
analagous  to  that  for  the  decarboxylation  of  -< -keto  acids,  as  illus¬ 
trated  in  Fig.  III.  Unlike  that  for  the  decarboxylation  of  =K-keto 
acids,  this  mechanism  would  not  require  lipoic  acid  since  there  is  no 
oxidation  of  an  aldehyde. 
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TABLE  XVII 

Effects  of  Acrylate  and  Propiolactone  on  Ethylene  Production 
by  Partially  Purified  Enzyme  Powders  from  Wax  Bean  Cotyledons 


Collection 

period, 

hours 

Treatment 

Ethylene 

,  m/ul 

A 

B 

Control 

Propio¬ 

lactone 

Control 

Propio¬ 

lactone 

and 

Acrylate 

0  -  2 

none 

22 

20 

110 

16 

2  -  20 

none 

25 

20 

105 

15 

20  -  21 

none 

N 

22 

50 

16 

21  -  24 

frozen  and  thawed 

23 

40 

60 

15 

Total 

70 

102 

325 

97 

Powder :  mgm. /ml . 

0.5 

0.5 

N  =  not  detectable  (less  than  5  m/LL)  . 

A  and  B  denote  different  batches  of  enzyme  powders  with  differing 
activities . 

Reaction  mixture:  All  samples  were  0.125  M  in  phosphate  buffer,  pH 
7.0,  3.0  mM  in  ATP,  50  raM  in  ^-alanine,  2.0  mM  in  TPP,  1.0  mM  in 
Mg2+  added  as  MgS04,  0.5  mM  in  pyridoxal  phosphate,  0.2  mM  in  Fe^" 
added  as  Fe2(S04)3,  70  mM  in  malonic  acid,  50  mM  in  =<-ketoglutarate , 
and  0.17  mM  in  CoA.  In  addition,  the  experimental  sample  for  A  was 
50  mM  in  propiolactone  and  that  for  B  was  75  mM  in  propiolactone  and 
75  mM  In  acrylic  acid. 
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Figure  II.  Reaction  Sequence  for  Conversion 
of  ^“-alanine  to  Ethylene 
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Chapter  VI 


METABOLISM  OF 


3- 


ALANINE- 2- 14C  TO  RADIOACTIVE  ETHYLENE 


Thin  layer  chromatography  of  -alanine -2- ^4C  with  a  development 

solvent  of  20  percent  ammonium  hydroxide  in  95  percent  ethanol  indicated 
no  impurities;  the  identity  of  the  labeled  amino  acid  was  checked  by 
cochromatography.  The  radioactivity  of  the  isotope  in  the  diluted  solu¬ 
tion  from  which  aliquots  were  taken  for  experiments,  was  determined  by 
the  liquid  scintillation  counting  technique. 

1.  Radioactive  Ethylene 

When  y^-alanine-2^4C  was  added  to  the  complete  reaction  mixture, 
labeled  ethylene  was  obtained  as  indicated  in  Table  XVIII.  In  samples 
A  and  B  of  Table  XVIII,  unlabeled  y^-alanine  was  reduced  from  50  mM,  the 
concentration  used  in  most  of  the  reaction  mixtures,  to  10  mM  in  order 
to  lessen  dilution  of  the  label.  In  sample  C  of  the  same  table  however, 
the  concentration  of  unlabeled  ^-alanine  was  increased  to  25  mM  in  an 
effort  to  counteract  the  inhibition  of  ethylene  production  by  acrylic 
acid;  in  addition,  malonate  was  present  to  shift  the  equilibria  among 
malonic  acid,  malonic  semialdehyde  and  y?-hydroxypropionic  acid  in  favour 
of  the  latter.  The  lower  specific  activities  of  the  21  -  24  hour  collec¬ 
tions  compared  to  the  initial  productions  (Table  XVIII,  samples  A,  B, 
and  C)  may  implicate  adjustment  of  the  equilibria  allowing  conversion 
of  malonic  acid  to  malonic  semialdehyde,  rather  than  ^-alanine  to 
malonic  semialdehyde. 

The  following  example  describes  the  calculation  used  to  compute 
the  proportions  of  ethylene  derived  from  # -alanine,  as  illustrated  in 


Table  XVIII. 
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Radioactivity  of  Ethylene  Metabolized  from  ^?-alanine-2-^C 
by  Partially  Purified  Enzyme  Powders  from  Wax  Bean  Cotyledons 
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For  Sample  A,  Table  XVIII: 

Total  label  on  ethylene  produced  =  2275  DPM. 

Total  label  on  ^-alanine  added  to  the  reaction 
mixture  =  15,000  x  10^  DPM. 

Therefore,  %  conversion  of  label  from  ^alanine 

to  ethylene  =  ------2?75 - T  X  100  =  0.0015%. 

15,000  X  10^ 

Total  ethylene  produced  =  168.5  m>ul. 

Total  ^-alanine  added  to  reaction  mixture  = 

0.2  mmoles  =  potentially  448  X  10^  nuil  of  gas. 

Therefore,  %,  conversion  of  ^-alanine  to  ethylene 
on  a  molar  basis  =  168 . 5  y  -i  nr\  _  n  00777 

448  X  104  °°  "  °-00J74* 

Therefore,  comparing  these  two  °U  conversions,  the 
fraction  of  ethylene  derived  from  ^-alanine  = 

=  0.41. 

0.0037 

In  experiments  in  which  the  reaction  mixtures  for  ethylene  pro¬ 
duction  contained  identical  substrate  and  cofactor  complements,  but 
enzyme  powders  from  different  batch  preparations  with  differing  activi¬ 
ties,  the  specific  activities  of  the  ethylene  collected  were  closely 
similar  (Table  XVIII,  samples  A  and  B) .  This  indicated  that  the  con¬ 
tribution  of  ethylene  from  an  unlabeled  source,  presumably  malonic  acid, 
was  relatively  constant  in  these  two  experiments.  Furthermore,  since 
malonate  was  the  only  substrate  added  besides  ^-alanine,  it  may  be  that 
the  enzyme  converting  malonic  acid  to  malonic  semialdehyde  was  equally 
active  relative  to  the  transamination  of  ^-alanine,  in  both  enzyme 
powder  preparations.  (Bacterial  contamination  in  this  ethylene-producing 
system  was  found  to  be  negligible  throughout  a  24  hour  period  (115).) 

That  the.  proportion  of  ethylene  derived  from  ^-alanine  became  greater 
when  the  concentration  of  the  amino  acid  was  increased  (Table  XVIII, 
sample  C) ,  is  consistent  with  the  fact  that  ^-alanine  at  50  mM  relative 


to  10  mM  augmented  evolution  of  the  volatile  from  a  partially  purified 
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enzyme  system  (Table  XI). 


It  is  in  agreement  with  the  proposed  pathway  (Fig.  II)  that 
addition  of  50  mM  prop! .©lactone  and  25  mM  acrylate  decreased  the  specific 
activity  of  ethylene  labeled  by  alanine- 2 -^C  (Table  XVIII,  sample  C) , 
although  the  increased  concentration  of  y^-alanine  probably  contributed 
to  the  dilution  of  the  label  on  the  volatile  as  well.  An  indication  of 


this  contribution  by  //-alanine  is  gained  from  the  following  calculation. 
For  purposes  of  easier  mathematical  manipulation  in  the  calculation, 
although  values  corresponding  to  the  actual  experiments  were  used  for 


fractions  of  ethylene  derived  from  ^-alanine  (Table  XVIII),  arbitrary 
values  were  chosen  for  the  moles  of  ethylene  and  ^-alanine  and  for  the 
DPM  of  ^-alanine. 


Case  1  -  analagous  to  samples  A  and  B,  Table  XVIII. 

Moles  of  ^-alanine  added  to  the  reaction  mixture  =  850 
Total  DPM  of  //-alanine  added  to  the  reaction  mixture  =  5000 

Moles  of  ethylene  produced  =  500  and  407,  (average  of  samples 
A  and  B,  Table  XVIII)  of  this  was  derived  from  ^/-alanine. 

Therefore  DPM  of  ethylene  s  X  50°°  =  118°’ 

Therefore  specific  activity  of  ethylene  =  HHO  =  2.36  DPM/mole. 

500 

Case  2  -•  analagous  to  sample  C,  Table  XVIII,  where  the  amount  of 
alanine  was  2.5  times  that  in  samples  A  and  B. 


Moles  of  //-alanine  added  to  the  reaction  mixture  =  2.5  X  850  =  2120 
Total  DPM  of  //-alanine  added  to  the  reaction  mixture  =  5000. 


Moles  of  ethylene  produced  =  200  and  75 7.  of  this  was  derived  from 
^-alanine . 

Therefore  DPM  of  ethylene  =  0-  7-^  x  ^Q.O  x  5000  =  355 

2120 

Therefore,  the  specific  activity  of  ethylene  =  ^  =  1.77  DPM/mole 


Ratio  of  Case  2/Case  1 


1.77 

2.36 


=  0.75. 


Therefore,  the  specific  activity  of  ethylene  was  decreased  by 
257,  by  the  increased  concentration  of  //-alanine. 
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Application  of  this  information  to  samples  A,  B  and  C,  Table  XVIII,  gives 
the  following  results. 

Average  specific  activity  of  ethylene  for  samples  A  and  B  = 

13.1.  Assuming  a  257*  reduction  of  the  label  of  ethylene  in 
sample  C,  as  a  result  of  increasing  the  concentration  of  8- 
alanine  from  10  mM  to  25  mM  the  specific  activity  of  ethylene 
would  be  0.75  X  13.1  =  9.82. 

The  experimentally  determined  specific  activity  of  ethylene  for  sample 
C,  Table  XVIII,  was  8.4  which  represents  a  decrease  greater  than  25 
percent,  relative  to  samples  A  and  B.  The  extra  dilution  probably  re¬ 
flects  ethylene  formation  from  propiolac tone  and  acrylate.  In  consid¬ 
eration  of  this  calculation,  however,  it  is  important  to  bear  in  mind 
that  the.  conversion  of  ^?~alanine  to  ethylene,  by  a  series  of  steps  at 
least  some  of  which  appear  to  be  enzymatic,  may  not  be  completely  re¬ 
flected  by  a  proportional  computation  involving  concentrations  of  only 
^-alanine  and  ethylene;  a  2.5  fold  increase  in  ^-alanine  may  not  be 
transcripted  quantitatively  in  this  system  to  an  effect  on  the  concen¬ 
tration  of  ethylene. 

2.  Isolation  of  the  Intermediates  by  Paper  and  Thin  Layer  Chroma tog- 
raphy;  Quantitative  Determinations  of  their  Radioactivities 

(a)  Chromatography 

During  the  entire  procedure  of  concentration  and  chromatography, 
all  the  acid  intermediates  were  maintained  as  ethylamine  salts  since  some 
of  the  free  acids  were  volatile.  In  some  experiments,  ethanol  extracts 
of  the  reaction  mixture  were  concentrated  for  chromatography.  The  fresh 
ethanol  extracts  were  relatively  free  of  materials  interfering  with 
chromatography  but  after  storage  of  ten  days  at  5°C  a  complex  probably 
among  ethanol,  acrylate  and  ^-hydroxypropionate ,  judging  from  its  label, 
was  noted  to  be  forming  in  increasing  amounts.  No  evidence  of  such  a 
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complex  was  found  in  aqueous  concentrates . 

Any  intermediates  present  as  thioesters  with  coenzyme  A  were  hydro 
lyzed  when  the  reaction  mixtures  were  basified  to  pH  10,  and  heated  to 
A0°C  during  concentration.  Hence  in  the  final  concentrate  all  the  acid 
intermediates  were  present  as  their  ethylamine  salts.  Thioesters  are 
mere  reactive  than  their  analagous  oxygen  esters  (116)  and  break  down 
readily  in  alkali  with  the  release  of  the  coenzyme  A  moiety  (117) .  More¬ 
over,  thioesters  are  much  more  susceptible  to  nucleophilic  attack  by 
nitrogen  bases  than  by  oxygen  bases  (118);  ethylamine  was  the  basifying 
agent  used  for  the  reaction  mixtures  in  this  investigation. 

Paper  chromatography  provided  adequate  separation  of  the  inter¬ 
mediates  (Table  XIX).  Thin  layer  chromatography  furnished  higher  reso¬ 
lution  than  did  paper  chromatography,  and  more  versatility,  in  that  two 
types  of  thin  layers  were  used.  Typical  Rf  values  for  the  ethylamine 
salts  of  the  acids  are  given  in  Table  XIX,  but  controls  were  always  run 
since,  with  thin  layer  chromatography,  Rf  values  are  somewhat  variable. 

(b)  Radioactivity  Determinations 

Scanning  of  the  paper  chromatograms  indicated  the  presence  of 
labeled  malonate  and  ^-hydroxypropionate ,  but  the  monitor  was  not  of 
sufficient  sensitivity  to  detect  the  radioactivity  of  other  intermediates 
Recovery  of  administered  radioactivity  was  approximately  50  per¬ 
cent.  In  addition  to  losses  during  the  three  solution  transfers  in  the 
procedure,  scraping  of  labeled  material  from  the  thin  layer  chromatog¬ 
raphy  plates  to  the  counting  vials  was  a  source  of  incomplete  recovery. 
Quantitative  determinations  of  the  labels  were  reproducible  within  a 
range  of  approximately  5  percent  for  the  more  highly  radioactive  com¬ 
pounds  (  £-hydrcxypropionate,  malonate,  and  ^-alanine)  and  approximately 
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10  percent  for  the  less  radioactive  compounds  (acrylate,  propiolactone , 
acetate)  for  the  same  reaction  mixture. 

All  endogenous  substrate  molecules  were  removed  initially  by 
dialysis  of  a  solution  of  the  enzyme  powder  against  deionized  water  for 
24  hours  prior  to  lyophilization.  Hence  with  the  exceptions  of  malonic 
acid,  acetic  acid  and  -ketoglutaric  acid,  the  data  in  Table  XX  were 
interpreted  in  the  same  manner  as  specific  activities  would  be  inter¬ 
preted,  and  conclusions  regarding  the  sequence  of  pathway  reactions  were 
based  on  quantitative  determinations  of  the  distribution  of  label.  The 
radioactivities  of  the  intermediates  in  samples  with  differing  enzyme 
activities  (Table  XX)  supported  the  proposed  sequence  of  reactions  from 
-alanine  to  ethylene  and  specific  activities  of  malonate  and  acetate 
indicated  their  formation  as  a  branch  pathway  (Fig.  II).  Isolation  of 
the  compounds  by  two-dimensional  chromatography  and  subsequent  quanti¬ 
tative  determinations  of  their  radioactivities,  confirmed  the  data 
illustrated  in  Table  XX. 

The  absence  of  label  on  -ketoglutarate  indicated  that  a  conver¬ 
sion  of  acetate  to  -ketoglutarate  by  enzymes  of  the  tricarboxylic  acid 
cycle  did  not  occur.  Further,  if  acrylic  acid  had  been  obtained  from 
acetic  acid  by  a  pathway  other  than  indicated  (Fig.  II),  propionic  acid 
would  likely  have  been  an  intermediate;  propionic  acid  was  not  detect¬ 
able  in  these  reaction  mixtures.  Malonic  semialdehyde  was  not  detected, 
but  was  probably  immediately  converted  to  either  malonic  acid  or  J}  - 
hydroxypropionic  acid. 

Burg  (61),  (64)  and  Wang,  Persyn  and  Krackov  (62),  using  apple 
tissue  slices  and  Penicillium  digitatum  respectively,  reported  that  the 


conversion  of  glucose  carbon  atoms  to  ethylene  may  follow  the  route 
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involving  glycolysis  and  conversion  of  acetate  to  tricarboxylic  acid 
cycle  intermediates.  Wang,  Jacobsen  and  Tanaka  (68)  have,  as  previously 
indicated  in  Chapter  1,  more  recently  suggested  that  succinate  is  trans¬ 
formed  through  fumarate,  malate  and  acrylate  to  ethylene.  Aspartic  acid 
and  glutamic  acid  increased  ethylene  production  by  subcellular  particles 
from  tomatoes  (79);  these  amino  acids  could  have  been  converted  to  their 
respective  keto  acids  and  hence  have  become  intermediates  of  the  tri¬ 
carboxylic  acid  cycle.  As  well,  ^-aminobutyric  acid  stimulated  pro¬ 
duction  of  the  volatile  by  the  same  subcellular  system.  This  acid  is 
known  to  undergo  transamination  to  succinyl  semialdehyde  and  thence  con¬ 
version  to  succinate  (119).  It  is  quite  plausible  that  in  the  experi¬ 
ments  performed  by  the  above  authors,  intermediates  of  the  tricarboxylic 
acid  cycle  and  their  precursors  could  have  been  transformed  to  pyruvate 
by  the  action  of  malic  enzyme  or  phosphoenol  pyruvic  carboxykinase . 
Pyruvate  could  have  been  converted  to  ethylene  through  acetate  and 
malonate  in  accordance  with  the  pathway  proposed  in  Fig.  II.  Further 
in  this  respect,  malonate  may  have  been  derived  directly  from  the  tricar¬ 
boxylic  acid  cycle  since  there  is  evidence  for  the  enzymic  conversion  of 
oxaloacetate  to  malonate  in  plant  tissue  (112).  Gibson  and  Young  (65) 
recently  suggested  on  the  basis  of  label  experiments  with  Penicillium 
digitatum  that  only  the  2-C  of  acetate  and  the  3-C  of  pyruvate  are  in¬ 
corporated  extensively  into  the  ethylene  molecule.  They  also  stated 
(65)  that  the  rate  at  which  ethylene  is  labeled  by  various  radioactive 
substrates  indicates  a  pathway  from  the  tricarboxylic  acid  cycle  through 
pyruvate  and  acetate  to  another  molecule  that  then  leads  to  ethylene 
synthesis.  Such  evidence  supports  the  proposal  that  acetate  and  malonate 
lead  into  the  pathway  for  ethylene  formation  from  ^-alanine.  Burg  and 
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Burg  (63)  reported  that  in  apple  tissue  slices  a  200  minute  collection 
of  ethylene  labeled  by  acetate-2-^C  had  a  higher  specific  activity  than 
that  labeled  by  acetate-l-^C ;  this  further  supports  the  evidence  for 
formation  of  the  symmetrical  molecule,  malonic  acid,  via  acetyl  CoA 
carboxylase  in  the  pathway  from  acetate  to  ethylene.  Ethanol  has  been 
shown  to  promote  increased  production  of  ethylene  by  subcellular  partic¬ 
les  from  tomatoes  (79).  Pertinent  to  this  may  be  the  fact  that  ethanol 
could  have  been  metabolized  to  acetyl -coenzyme  A  (120)  and  thus  have 

l 

entered  the  pathway  for  ethylene  production. 

Recent  label  studies  with  Penicillium  digitatum  (16)  indicated 
a  very  high  efficiency  of  transformation  of  C-3  of  serine  into  the 
ethylene  molecule.  It  is  significant  in  this  respect  that  serine  can 
be  converted  by  transamination  to  pyruvate  and  subsequently  C-3  of 
serine  becomes  C-2  of  acetate.  Subcellular  fractions  from  tomatoes  also 
produced  more  ethylene  in  the  presence  of  added  serine  (79) . 

Jacobson  and  Wang  (70)  detected  labeled  ethylene  when  Penicillium 

14 

digitatum  was  incubated  in  medium  containing  acrylate-2(3) -  C. 

Lieberman,  Mapson,  Wardale  and  Kunishi  (121)  have  reported  label¬ 
ing  of  ethylene  by  methionine-3 (4) -^C  in  apple  tissue  slices.  Methio¬ 
nine  can  be  converted  to  propionic  acid  by  known  metabolic  routes;  the 
3-C  and  4-C  of  methionine  became  C-2  and  C-3  respectively  of  propionic 
acid.  It  is  known  that  propionyl-CoA  can  be  transcarboxylated  with 
oxaloace tate  to  form  methylmalonyl-CoA,  which  can  then  be  converted  by 
me  thy lma 1 oy n 1 - C  oA  isomerase  to  succinyl-CoA,  and  presumably  through 
acetate  to  ethylene.  In  Clostridium  propionicum,  there  is  indication 
for  the  conversion  of  propionyl-CoA  to  acrylyl-CoA  (122).  (Both  Wang 
(70)  and  Burg  (63)  have  obtained  radioactive  ethylene  from  labeled  pro- 
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pionic  acid  in  Penicillium  digitatum  and  apple  slices  respectively.  As 
well,  propionate  was  found  to  enhance  ethylene  production  by  subcellular 
particulate  fractions  from  tomatoes  (79).)  Hence,  metabolism  of  methio¬ 
nine-  3(4) -^C  could  have  occurred  through  propionate  to  ethylene. 

It  has  been  reported  that  mitochondria  from  peanut  cotyledons 
supplemented  with  ATP  and  coenzyme  A  oxidized  propionate  through 
hydroxypropionate  to  acetate  and  carbon  diozide  (123),  (124).  The  car¬ 
boxyl  carbon  of  propionate  was  converted  to  carbon  dioxide  and  carbons 
2  and  3  became  the  methyl  and  carboxyl  carbons  respectively  of  acetate. 
Malonic  semialdehyde  and  malonyl  coenzyme  A  were  proposed  as  intermedi¬ 
ates  in  the  breakdown  of  ^-hydroxypropionate . 

Partial  purification  of  enzymes  catalyzing  the  reversible  con¬ 
versions  of  acrylyl-coenzyme  A  to  ^-hydroxypropionyl -coenzyme  A  and 
of  ^-hydroxypropionate  to  malonic  semialdehyde  in  pig  kidney  tissue 
have  been  reported  (125).  As  well,  pig  heart  and  liver  extracts  and 
also  Propionibacterium  shermanii  contain  the  latter  enzyme.  A  require¬ 
ment  of  NAD  for  the  ^-hydroxypropionate  dehydrogenase  reaction  was  not 
fulfilled  by  NADP  and  the  enzyme  was  inactive  with  ^-hydroxypropionyl- 
coenzyme  A.  Vagelos  and  Earl  (113)  partially  purified  an  enzyme  cat¬ 
alyzing  an  NADP  nucleotide -specific  dehydrogenation  of  ^p-hydroxypropionyl- 
coenzyme  A;  the  enzyme  was  inactive  with  free  ^-hydroxypropionate .  It 
is  interesting  in  this  respect  that  ethylene  production  by  enzyme  powders 
from  wax  bean  cotyledons  was  augmented  in  the  presence  of  reduced  NADP 
(115).  Moreover,  the  author  found  increased  ethylene  production  by  the 
enzyme  powders  when  coenzyme  A  was  added  to  the  reaction  mixture. 

Evidence  has  been  presented  that  indicates  a  conversion  of  malon- 
ate  to  malonic  semialdehyde  by  enzyme  powders  active  in  ethylene  produc- 
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tion  (Table  XV).  Since  such  a  reduction,  like  that  catalyzed  by  phospho- 
glyceraldehyde  dehydrogenase  and  the  coenzyme  A-dependent  aldehyde  de¬ 
hydrogenase  from  Clostridium  kluyveri  and  Escherichia  coli  (126) ,  would 
require  energy,  it  may  be  pertinent  that  ethylene  production  by  enzyme 
powders  was  increased  in  the  presence  of  ATP.  Vagelos  (126)  prepared 
from  Clostridium  kluyveri  an  enzyme  system  that  contained  ^-hydroxy - 
propionyl-coenzyme  A  dehydrogenase  and  an  NADP-sensitive  malonyl  semi¬ 
aldehyde-coenzyme  A  dehydrogenase;  separation  of  the  two  enzymes  was  not 
achieved.  Although  he  was  unable  to  detect  reduction  of  malonyl -coenzyme 
A  to  malonyl  semialdehyde-coenzyme  A  by  this  enzyme  preparation,  the 
sensitivity  of  the  methods  used  for  assessing  the  formation  of  the  latter 
compound  was  not  capable  of  picking  up  a  reversal  of  less  than  5  percent; 
the  concentrations  of  reactants  were  not  stated  for  these  experiments. 
Attempts  to  ascertain  the  extent  of  reaction  included  following  the  con¬ 
centration  of  reduced  NADP  at  340  mM  and  chromatography  of  the  hydroxa- 
mate  derivative  of  ^-hydroxypropionyl- coenzyme  A,  the  presence  of  which 
would  reflect  formation  of  malonyl  semialdehyde-coenzyme  A.  In  view  of 
the  low  levels  of  ethylene  produced  by  the  enzyme  powders,  a  small  con¬ 
version  of  malonic  acid  to  malonic  semialdehyde  would  probably  have  a 
measurable  effect  on  ethylene  production.  As  well,  it  is  to  be  kept  in 
mind  that  there  are  often  inherent  differences  in  metabolic  pathways 
between  bacteria  and  plants.  It  is  also  interesting  to  speculate  that 
a  more  efficient  conversion  of  malonic  acid  to  malonic  semialdehyde  is 
characteristic  of  metabolism  during  senescence  and  hence  related  to  the 
high  ethylene  production  associated  with  aging. 

Catalysis  of  the  carboxylation  of  acetyl-coenzyme  A  to  malonyl- 
coenzyme  A  by  Saccharomyces  cerevisiae  (127)  and  pig  heart  extracts  (128) 
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has  been  reported.  As  well,  evidence  has  indicated  the  breakdown  of 
malonyl-coenzyme  A  to  carbon  dioxide  and  acetyl-coenzyme  A  by  a  particu 
late  fraction  from  bush  bean  leaves  (129)  and  peanut  mitochondria  (130) 
Such  information  supports  the  positions  of  malonate  and  acetate  as  a 
side  branch  in  the  proposed  pathway  for  conversion  of  ^-alanine  to 
ethylene  (Fig.  II). 
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Chapter  VII 

VARIATION  OF  MALQNIC  ACID  LEVELS  DURING 

THE  LIFE  CYCLE  OF  WAX  BEAN  COTYLEDONS 

When  malonic  acid  was  added  to  the  reaction  mixtures  of  crude 
or  partially  purified  enzyme  powders  prepared  from  wax  bean  cotyledons, 
ethylene  production  was  augmented  (Table  XV).  It  was  suspected  that 
the  increased  concentration  of  malonate  boosted  ethylene  production  by 
allowing  the  formation  of  ^-hydroxypropionic  acid  from  malonic  semi¬ 
aldehyde  to  be  favoured  (Fig.  II).  Furthermore,  it  was  thought  possible 
that  endogenous  levels  of  malonate  might  indeed  be  a  part  of  a  control 
mechanism  for  ethylene  biogenesis. 

Experiments  to  determine  the  endogenous  levels  of  malonic  acid 
in  wax  bean  cotyledons  throughout  germination  were  conducted.  For 
these  determinations,  5  )\  aliquots  of  the  concentrated  extracts  from 
cotyledon  tissue  were  developed  in  a  solvent  of  chloroform,  ethanol 
(95  percent)  and  formic  acid  (90  percent)  in  the  volumetric  ratio  of 
50;5Q;1  by  thin  layer  chromatography.  Development  in  this  solvent 
system  provided  adequate  isolation  of  malonic  acid  (Table  XXI).  A 
further  indication  of  the  Rf  value,  in  this  solvent  system,  of  malonic 
acid  relative  to  those  of  other  acids  that  might  have  been  present  in 
the  extract,  is  given  in  a  publication  by  Stark,  Goodman  and  Owens  (100). 
In  addition,  a  mixture  of  nucleotides  did  not  move  in  the  solvent  system. 
Interference  from  sugars  was  minimized  by  extraction  of  dried  cotyledon 
tissue  with  95  percent  ethanol  (Chapter  II).  (The  solubility  of  malonic 
acid  in  95  percent  ethanol  is  57  gm.  per  100  ml.  at  20°C) .  The  results 
of  thin  layer  chromatography  were  confirmed  by  two  dimensional  chromatog¬ 
raphy.  Chromatograms  that  had  been  previously  developed  in  the  "chloro- 
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TABLE  XXI 


Rf  Values  of  Acids  and  Amino  Acids  on 
Cellulose  Thin  Layer  Chromatograms 


Acid 

Rf  Value 

Amino  Acid 

Rf  Value 

Fumaric 

0.92 

Isoleucine 

0.5 

Pyruvic 

0.92 

Leucine 

0.5 

Succinic 

0.92 

Valine 

0.35 

Propiolactone 

0.92 

Cysteine 

0.25 

Malonic 

0.83 

Phenylalanine 

0.13 

Malic 

0.65 

Tryptophan 

0.13 

ft  -hydroxy - 
propionic 

0.60 

Histidine 

0.1 

Oxaloacetic 

0.52 

Methionine 

0.1 

Alanine 

0.09 

^-alanine 

0.08 

Threonine 

0.08 

Serine 

0.03 

Development  solvent:  chloroform,  ethanol  (95  percent)  and  formic 
acid  (90  percent)  in  the  volumetric  ratio  of  50:50:1. 
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form-ethanol  solvent"  were  run  in  a  second  direction  with  a  solvent  of 
water-saturated  n-butanol;  in  the  latter  solvent,  malonic  acid  had  an  Rf 
value  of  0.62. 

It  is  to  be  noted  that  determinations  of  the  amounts  of  malonic 
acid  in  5  X  aliquots  from  the  same  extract,  varied  as  much  as  15  percent 
of  the  average  level  (0.054  X  10"^  mmoles)  in  5  X  aliquots  of  extracts 
from  cotyledon  tissue  harvested  9  days  after  planting;  the  level  of  acid 
in  the  "9  day  tissue"  was  the  largest  average  amount  detected.  Variations 
among  extracts  from  different  batches  of  tissue  of  the  same  age  were  as 
low  as  10  percent  and  as  high  as  33  percent  of  the  same  average  value 

r\ 

(0.054  X  10“z  mmoles).  The  high  variation  obtained  in  determinations  of 
low  levels  of  malonic  acid  reflected  the  lengthy  and  complex  extraction 
procedure  that  was  necessary  (Chapter  II).  Also,  it  is  difficult  to 
exactly  duplicate  the  physiological  stages  of  development  of  tissues  at 
the  time  of  harvesting,  even  under  nearly  identical  growing  conditions. 

In  spite  of  these  variations,  however,  a  plot  of  average  values  indicates 
a  definite  trend  towards  increasing  levels  of  malonate  in  the  cotyledons 
as  they  aged  (Fig.  IV). 

The  author  is  aware  of  the  fact  that  the  experimental  variations 
would  have  been  less  significant  if  malonic  acid  had  been  isolated,  by 
paper  chromatography,  from  larger  aliquots  than  could  be  handled  by  thin 
layer  chromatography,  but  was  unable  to  attempt  these  experiments  prior 
to  submission  of  the  thesis. 

Determinations  of  the  levels  of  malonic  acid  in  cotyledons  indicated 
progressively  increasing  amounts  throughout  germination;  the  increment 
paralleled  to  some  extent  the  increased  production  of  ethylene  in  senescing 
cotyledons  (Fig.  IV).  Ethylene  production  by  tissue  harvested  later  than  8 
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Fig.  IV.  Ethylene  Production  by  Wax  Bean  Cotyledons  in 
relation  to  Endogenous  Malonic  Acid  Levels 
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days  after  planting  decreased  even  though  malonic  acid  levels  continued 
to  increase  (Fig,  IV).  The  decline  in  ethylene  evolution  corresponded 
with  the  stage  of  development  immediately  prior  to  death  of  the  tissue 
and  may  have  reflected  decreased  activity  of  enzymes  responsible  for  bio¬ 
synthesis  of  the  volatile.  As  well,  the  synthesis  of  various  factors 
(for  example,  ATP)  needed  in  the  biosynthesis  of  the  gas  may  have  decreased. 
Duperon  (131),  (132)  has  also  detected  increasing  levels  of  malonate  in 
wax  bean  cotyledons  during  germination  and  has  suggested  (133)  that  the 
acid  is  probably  synthesized  by  carboxylation  of  acetyl-coenzyme  A. 

The  percentages,  obtained  by  the  author,  of  malonate  in  dry  cotyledon 
tissue,  are  in  the  same  range  as  those  determined  by  Duperon. 

It  is  interesting  to  speculate,  in  view  of  the  above  evidence, 
that  with  the  onset  of  senescence,  the  presence  of  larger  malonate  pools 
inhibits  a  drain  of  malonic  semialdehyde  for  the  formation  of  malonic 
acid,  thus  promoting  conversion  of  ^-alanine  to  ethylene.  Moreover,  in 
view  of  the  association  of  ethylene  evolution  with  aging  of  tissue,  it 
is  possible  that  ^-alanine  arises  from  the  breakdown  of  nucleic  acids, 

(see  Introduction,  page  15) ,  since  this  amino  acid  has  been  shown  to  be 
a  product  of  uracil  catabolism  in  plant  tissue  (90),  (91). 
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Chapter  VIII 

A  NON-ENZYMATIC  MODEL  FOR  ETHYLENE 
PRODUCTION  FROM  ALANINE 

Ethylene  was  produced  by  a  heat-catalyzed  Snell  reaction  (101) 
among  /-alanine,  pyridoxal  hydrochloride  and  cupric  ion.  Such  a  system 
serves  as  a  model  for  an  enzymatic  production  of  the  volatile,  support¬ 
ing  /'-alanine  as  a  precursor  in  the  biosynthesis  of  ethylene. 

Evolution  of  ethylene  occurred  when  pyridoxal  hydrochloride 
alanine  and  cupric  ion  were  autoclaved,  but  in  the  absence  of  any  one 
component  or  in  the  absence  of  heat,  no  ethylene  was  produced  (Table 
.  Conversion  to  ethylene  was  0.0014  percent  of  the  theoretical. 


Increases  in  the  absolute  amounts  of  the  reaction  mixture  components 
elevated  ethylene  production  (Table  XXII,  sample  14).  Treatment  of  the 
gaseous  phase  with  mercuric  perchlorate  solution,  which  allowed  the 
ethylene  to  complex  with  mercury  (94) ,  eliminated  contamination  from 
other  volatiles  produced  by  heat-induced  decomposition  of  the  rubber 
stoppers;  ethylene  was  subsequently  reliberated  from  the  complex  with 
mercury  by  the  addition  of  lithium  chloride.  The  progress  of  the  Snell 
reaction  was  confirmed  by  determinations  of  the  concentrations  of 
pyridoxal  hydrochloride  both  before  and  after  autoclaving.  Use  of  an 
all-glass  reaction  vessel  and  analysis  of  the  complete  gaseous  mixture 
revealed  the  presence  of  ethylene  only  when  all  three  reaction  compon¬ 
ents  were  autoclaved  together. 
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Standard  solutions;  pyridoxal  hydrochloride  was  0.0325  M  in  0.2  M  acetate  buffer  at  pH  4.5; 
^-alanine  was  1.0  M  and  Cu^+  was  0.625  mM  added  as  CuSO/. ,  in  the  same  buffer. 
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Chapter  IX 


GENERAL  CONCLUSIONS 


Considerable  interest  has  arisen  concerning  the  formulation  of  a 
metabolic  pathway  for  production  of  ethylene.  For  some  time,  there  has 
been  a  need  in  this  field  of  study  for  a  biochemically  simplified  system 
for  production  of  the  volatile.  The  present  investigation  has  comprised 
the  preparation  of  an  enzyme  powder  capable  of  catalyzing  ethylene  pro¬ 
duction,  and  further  exploration  by  substrate  and  cofactor  studies  with 
this  enzyme  system  of  a  pathway  for  synthesis  of  the  volatile;  this  is 
the  first  report  of  a  moderately  refined  enzyme  powder  for  ethylene 
production.  In  addition,  radioactive  tracer  studies  were  conducted  and 
further  support  was  gained  for  a  proposed  sequence  of  reactions  for  con¬ 
version  of  ^-alanine  to  ethylene. 

Crude  enzyme  powders,  active  in  ethylene  production,  were  pre¬ 
pared  from  subcellular  particulate  fractions  of  oat  seedlings,  Avena 
sativa ,  wax  bean  seedlings,  Phaseolus  vulgaris ,  and  wax  bean  cotyledons. 

A  suspension  of  the  particulate  fraction  was  frozen  and  thawed  to  pro¬ 
mote  particle-disruption.  Lyophiliza tion  of  an  ammonium  sulphate  pre¬ 
cipitation  frcm  this  disrupted  suspension,  yielded  a  crude  enzyme  powder. 
Removal  of  lipids  and  subsequent  ammonium  sulphate  fractionation  effected 
a  partially  purified  enzyme  powder,  active  in  ethylene  production. 

An  added  source  of  energy  was  found  to  be  requisite  for  catalysis 
of  ethylene  formation  by  these  powders;  ATP  sufficed  in  this  respect. 

As  well,  ^-alanine  proved  to  be  a  precursor  of  the  volatile.  The  ele¬ 
vation  of  ethylene  production  on  addition  of  =<-ketoglutarate  was  con¬ 
sistent  with  a  role  for  transamination  in  the  conversion  of  yP-alanine 
to  ethylene;  the  keto  acid  probably  served  as  an  amino  group  acceptor. 
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Thiamine  pyrophosphate  and  magnesium  ion  promoted  ethylene  production 
from  ^/-alanine,  thus  implicating  the  involvement  of  a  decarboxylation. 
In  view  of  the  inhibitory  effect  of  lipoic  acid,  it  was  thought  prob¬ 
able  that  the  decarboxylation  was  non-oxidative .  Coenzyme  A  also  en¬ 
hanced  ethylene  production. 

Increased  ethylene  production  on  addition  of  propiolactone ,  an 
immediate  source  of  ^-hydroxypropionic  acid,  was  consistent  with  trans¬ 
amination  of  ^-alanine  to  malonic  semialdehyde  and  subsequent  trans¬ 
formation  through  ^/-hydroxypropionic  acid  and  acrylic  acid  to  ethylene. 
An  unexpected  inhibition  of  ethylene  evolution  by  acrylic  acid  may  have 
been  attributable  to  interference,  by  added  acrylate,  with  essential 
sulfide  groups  on  enzymes. 

Ethylene  production  by  the  enzyme  powders  was  enhanced  when 
malonic  acid  was  added  to  a  system  of  enzyme  powder  in  buffer,  ATP, fi- 
alanine,  coenzyme  A  and  the  cofactors  for  transamination  and  decarboxy¬ 
lation.  It  became  apparent  that  the  formation  of  malonate  and  acetate 
constituted  a  branch  pathway  in  the  conversion  of  ^/-alanine  to  ethyl¬ 
ene,  and  that  added  malonate  probably  prevented,  by  product  inhibition, 
a  drain  in  this  direction  from  the  main  pathway.  In  view  of  the  peak 
in  ethylene  production  by  wax  bean  cotyledons  during  their  senescence, 
the  finding  of  augmented  levels  of  malonic  acid  in  the  cotyledons  during 
this  stage  of  development,  supported  a  postulation  that  such  a  mechanism 
of  product  inhibition  by  malonate  may  be  operative  in  the  in  vivo  pro¬ 
duction  of  ethylene  from  ^/-alanine. 

Experimental  evidence  allowed  the  proposal  of  the  following 
pathway  for  conversion  of  /-alanine  to  ethylene. 


ooi-ouboiq  an-sl^rbs*  bs3o«©*:q  aol  tnulB 9flg  m  br  .  ^jaHcjoriqo i^q  9fi.'sH2 "iT 
lie  y,  odnaofib  a  lo  3flf*  ftsvlovnu  ®.rt3  gv  3aoMqnr.i  ?nri.l  ,on-  trr  ,f  ^ 
g.orfl  aav  3l  fb2aa  ;  ■  lX  lo.3  ">.  -♦  **  *•  -  -  w& 

-rt  o  jorfsr  »o0  .svl.t*  Ixo-no  efc  noilalYxc**  *  3? 

.nolloolxnq  soeXvrtl®  aonarf 

ono3Daiolqoiq  1<  nolllbba  no  nol3ou  oiq  5;79X\vl9  ba;  si^nl 

3 a 93 &X area  a1  ,bioa  oinoiqoiq^xoib.v.  ^  *o  *siuq  a  b  ■>®flLTlJ[ 
ij.  j  •)'-...idu&  :••  ■.'  '  •  olflo  •  i  c  !  ■  ■■  ‘‘  \  io  .oiJ  anim: 

.  n  1  t  03  »/.:> a  aIX^w*  bm>  bloa  olnolqo  i  rpcotil  i-\  rfguolito  ..  >13  »7rs  i 

Yam  bloa  nc 

j.  fI3E83  /'Ji  V  ,93  I  /  Dfl  ‘job-'B  Y°  '  '  9j.  .  '  JU'd  'll 

.t  /sn9  no  ti  uozg  ebl >Iut 

‘ 

-  ^ 

^t?TA  Herd  nl  i  b  q  »  io  t;  j  <  'V  ba  a  '  'X^ 

-■,,xoc  ost  biio  nol3finlAv.BiT.'*T  ic  J  a?  loo  s  '3  bn  trrvxnsioo  ,  >ni 

D  3  lo  vi Xv  nl  .v  .  >T  V:q  /  h  ’  $d3  rcnl  noi3osilb  ald3  ffi  *  -  -Jib 

f 

jnii».rb  LHobsXx^oo  sri3  nl  Ira  rlnolen  lo  a'swX  bs  inom^na  'iu  gni  >r  i  sn3 
Eralnan’os#  a  doua  3ari3  rioXlBluSeoq  a  bsJioqqoe  .Jnscrqolsvab  5o  fga3e  elri3 
-oic  ovlv  ni  9d3  nl  9vi3aii*qo  b<‘  \(orj  s  a  gXme  nc  ;Jidirfnl  3oubo'  :;  lo 

nl^oXIol  9ri3  lo  XaaoqoK  sd3  bawoIXa  a  nsblvs  ia3n9nili9qx3 

. onsi vd3 9  o3  snlnalB-*  lo  nolaiavnoo  lol  Y^risaq 


88 


pyridoxal  phosphate  malonic 
R  -alanine  ■■=e>  semialdehyde 

y  Fe^ 


malonic  acid 

/ 


CO  ^ 


CO. 


acetic  acid 


^-hydroxy prop ionic 
-  acid 


HOH 


acrylic  acid 


\ 


CO. 


thiamine 
pyr ophospha te 


Mg 


2+ 


ethylene 


When  ^-alanine- 2- was  added  to  the  enzyme  systems,  labeled 
ethylene  was  obtained.  Quantitative  determinations  of  the  radioactivi¬ 
ties  of  the  intermediates  supported  the  proposed  sequence  of  reactions 
for  the  transformation  of  jP-alanine  to  ethylene.  Specific  activities 
of  malonate  and  acetate  were  consistent  with  their  proposed  involve¬ 
ment  as  a  branch  pathway. 

Ethylene  was  produced  by  a  heat-catalyzed  Snell  reaction  among 
^-alanine,  pyridoxal  hydrochloride  and  cupric  ion.  Such  a  system 
serves  as  a  model  for  enzymatic  production  of  the  volatile  and  further 
supports  the  role  of  ^-alanine  as  a  substrate  for  ethylene  production. 

Considerable  experimentation  regarding  a  pathway  for  ethylene 
synthesis  has  been  conducted  in  other  laboratories.  Many  of  the  reported 
results  are  consistent  with  the  operation  of  a  pathway  of  transformation 
of  ^-alanine  to  ethylene  as  proposed  in  this  thesis.  Such  data  may  as 
well,  however,  indicate  independent  systems  for  formation  of  the  volatile. 
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Chapter  X 

APPENDIX 

1.  Release  of  Ethylene  from  Aqueous  Solution  by  Freezing  and  Thawing 

During  ethylene  collections,  reaction  mixtures  were  frozen  in  a 
dry  ice-acetone  bath  and  thawed  at  40°C  prior  to  the  21  -  24  hour 
collection  period,  to  release  the  volatile  from  aqueous  solution.  In 
order  to  assess  the  effectiveness  of  this  treatment,  experiments  were 
carried  out  in  which  a  known  quantity  of  ethylene  was  injected  through 
a  rubber  septum,  and  under  the  surface  of  40  ml.  of  0.125  M  phosphate 
buffer,  pH  7.0,  in  a  closed  container;  there  was  a  limited  gas  volume 
(approximately  2  ml.)  over  the  solution.  The  mixture  was  stirred  for 
1  hour  at  room  temperature.  (Ethylene  collections  from  suspensions,  in 
buffer  of  the  same  composition,  of  enzyme  powders  and  their  required 
substrates  and  cofactors,  were  routinely  conducted  at  room  temperature.) 
Subsequently,  all  ethylene  that  had  not  gone  into  solution  was  removed 
from  the  air  space  over  the  solution.  Two  20  ml.  portions  of  the  buffer 
containing  ethylene  in  solution  were  pipetted  into  different  reaction 
flasks  and  two  ethylene  collections,  each  of  one  hour  duration,  were 
taken  from  one  of  these  without  treatment,  and  from  the  other  with  freez¬ 
ing  and  thawing  prior  to  collection.  For  freezing  and  thawing,  the 
stoppered  flask  was  frozen  in  a  dry  ice-acetone  bath  and  thawed  by  agita¬ 
tion  in  a  40°C  water  bath,  as  was  done  routinely  prior  to  the  21-24 
hour  ethylene  collections  from  enzyme  powders. 

Greater  amounts  of  ethylene  were  obtained  from  the  treated 
samples  than  from  the  untreated  (Table  XXIII).  In  these  experiments,  both 
samples  within  a  trial  were  of  equal  volume  and  contained  equal  amounts 
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TABLE  XXIII 

Release  of  Ethylene  from  Aqueous  Solution 
by  Freezing  and  Thawing 


Trial 

No. 

Collection 
period, 
hour  s 

Ethylene , 

Untreated 

Sample 

nui.1 

Treated 

Sample 

A 

0  -  1 

9 

29 

1  -  2 

62 

92 

Total 

71 

121 

B 

0-1 

0 

30 

1-2 

25 

28 

Total 

25 

58 

Both  samples  within  a  trial  contained  equal  amounts  of  ethylene  in 
20  ml.  of  0.125  M  phosphate  buffer,  pH  7.0  but  the  amounts  differed 
between  trials  A  and  B.  Treatment  constituted  freezing  in  a  dry- 
ice-acetone  bath  and  thawing  at  40°C,  and  was  given  to  the  treated 
sample  prior  to  each  ethylene  collection  period. 


-  91 


of  ethylene  in  solution,  but  the  amounts  of  the  volatile  in  solution 
varied  between  trials.  A  lower  ethylene  evolution  in  the  first  hour  of 
collection  relative  to  the  second  (Table  XXXII) ,  may  reflect  the  time 
required  for  equilibration  of  the  ethylene  between  the  solution  and  the 
air  space  above,  and  its  uniform  distribution  within  the  air  space  itself, 
for  collection  was  by  a  continuous  flow  of  purified  air,  with  entry  and 
exit  at  the  top  of  the  enclosed  air  space.  A  complex,  that  forms  below 
18.7°C  (134),  between  ethylene  and  water  would  decompose  during  the 
thawing  treatment. 

2.  Establishment  of  the  Identity  of  Ethylene 

The  identity  of  ethylene  was  established  by  gas  chromatographic 
analysis  with  the  unit  constructed  by  Chandra  (93) .  Two  types  of 
columns,  activated  alumina  coated  with  silicone  and  squalane-coated 
firebrick,  were  used.  In  all  cases  with  both  types  of  columns,  the 
retention  times  for  collected  samples  and  known  standard  samples  of 
ethylene  were  exactly  identical,  and  distinct  from  those  of  compounds 
with  closely  related  structures.  In  addition,  when  a  Perkin-Elmer  811 
gas  chromatograph,  fitted  with  an  activated  alumina  column  (37.2  cm.  x 
0.5  cm.),  was  used  with  the  flow  rates  and  temperature  settings  of 
Stinson  and  Spencer  (11.5),  retention  times  of  34.3  seconds  were  consist¬ 
ently  identical  for  collected  samples  and  standard  samples  of  ethylene. 

The  validity  of  such  identification  is  heightened  in  view  of  the  fact 
that  Burg  and  Burg  (81)  were  able,  to  distinguish  ethylene- like  substances 
from  ethylene  by  gas  chromatography  with  an  activated  alumina  column. 
Confirmation  of  the  identity  of  ethylene  was  established  by  mass  spectro- 
metric  analyses.  A  spectrum  of  the  volatile  evolved  from  an  enzyme  pow¬ 
der  is  illustrated  in  Fig.  V  and  of  the  volatiles  produced  by  a  heat- 
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catalyzed  Snell  reaction  among  ^-alanine,  pyridoxal  hydrochloride  and 
cupric  ion,  in  Fig.  VI.  The  presence  at  masses  26  and  27  of  peaks  of 
magnitudes  in  the  ratio  0:96:1  (Figures  V  and  VI)  is  representative  of 
ethylene . 

3.  Nitrogen  values 

Nitrogen  determinations  for  the  enzyme  powders  were  carried  out 
by  the  "boric  acid  method"  as  outlined  by  Ogg  (135) .  Representative 
nitrogen  values  were  0.15  mgm.  nitrogen  per  mgm.  powder  for  the  crude 
system  and  0.11  mgm.  nitrogen  per  mgm.  powder  for  the  partially  puri¬ 
fied  system.  Since  the  crude  powders  were  obtained  by  an  ammonium 
sulphate  precipitation  (Chapter  II) ,  nitrogen  values  for  the  crude 
powders  are  not  entirely  representative  of  endogenous  nitrogen  because 
of  varying  degrees  of  contamination  by  ammonium  sulphate. 

4.  Standard  curves  and  a  Quenching  Curve  for  Carbon- 14 

For  determinations  of  specific  activities  of  the  ethylamine  salts 
of  malonate  and  acetate,  their  concentrations  were  ascertained  spectro- 
photometrically .  The  salts  were  complexed  with  benzidine  hydrochloride 
and  copper,  and  the  absorbancy  of  this  complex  was  read  at  242  m/t,  on  a 
Beckman  D.U.  spectrophotometer  (98).  Standard  curves  are  illustrated 
for  the  ethylamine  salt  of  acetate  (Fig.  VII)  and  the  ethylamine  salt  of 
malonate  (Fig.  VIII).  Experimental  readings  for  which  these  curves  were 
used,  were  within  the  absorbancy  range  of  0.13  -  0.2.  For  determinations 
of  the  concentrations  of  malonic  acid,  a  standard  curve  (Fig.  IX)  was 
prepared  as  above,  only  the  acid  rather  than  its  salt  was  used.  Experi¬ 
mental  readings  for  which  this  curve  was  used,  were  within  the  absorbancy 
range  of  0.005  to  0.058. 
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Fig.  V.  Hass  Spectrogram  of  the  Volatiles 
Produced  by  an  Enzyme  Powder 
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Fig.  VII.  Absorbancy  at  242  m>tof  Ethylamine  Acetate  Complexed 
with  Benzidine  Hydrochloride  and  Cuprous  Ion 
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Fig.  VIII.  Absorbancy  at  242  mM-  of  Ethylamine  Malonate 
Complexed  with  Benzidine  Hydrochloride  and 
Cuprous  Ion 


0.20 


97 


mom 

i— I  r— <  O 

•  •  • 

o  o  o 

XouEqjosqy 


Fig.  IX.  Absorbancy  at  242  m>u.  of  Malonic  Acid  Complexed  with 
Benzidine  Hydrochloride  and  Cuprous  Ion 


98  - 


The  progress  of  the  Snell  reaction  among  ^-alanine,  pyridoxal 
hydrochloride  and  cupric  ion  was  confirmed  by  quantitative  determinations 
(102)  of  pyridoxal  hydrochloride  before  and  after  autoclaving.  For  this 
purpose,  the  absorbancy  of  a  complex  between  pyridoxal  hydrochloride  and 
ethanolamine  was  determined  at  365  m^  .  A  representative  standard  curve 
for  the  complex  formed  in  the  presence  of  ^-alanine  and  cupric  ion  is 
illustrated  in  Fig.  X.  Experimental  readings  for  which  such  curves  were 
used  were  within  the  absorbancy  range  of  0.25  to  0.35.  Experiments  were 
also  carried  out  in  which  one  or  two  of  these  components  were  absent; 
standard  curves  were  prepared  for  each  separate  system,  since  solution 
components  affected  the  absorption  at  this  wavelength. 

A  carbon-14  quenching  curve  (136)  for  radioactivity  determina¬ 
tions  by  scintillation  counting  in  a  system  of  2 , 5-diphenyloxazole  and 
2,2^-paraphenylene  bis-5  phenyloxazole  in  toluene  with  Cab-o-sil  is 
illustrated  in  Fig.  XI.  The  curve  was  prepared  by  adding  increasing 
amounts  of  acetone  to  f luor-Cab-o-sil  mixtures,  in  each  of  which  were 
suspended  the  scrapings  of  a  spot  of  known  radioactivity  from  a  thin 
layer  chromatogram.  Hence  the  percentage  efficiency  of  counting  was 
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Pyridoxal  hydrochloride;  Mmoles 


Fig.  X.  Absorbancy  at  365  m/A.  of  Pyridoxal  Hydrochloride 
Complexed  with  Ethanolamine  in  the  presence  of 
F-alanine  and  Cupric  Ion 
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C-Quenching  Curve  for  Toluene  Fluor  with  Cab-o=sil 
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